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Abstract  
 
The importance of skeletal bone in the functioning of the human body is well-established 
and acknowledged. Less pervasive among the populace, is the understanding of bone 
as an adaptive tissue which modulates itself to achieve the most construction sufficient 
for the role it is habituated to. These mechanisms are more pronounced in the long load 
bearing bones such as the femur. The proximal femur especially, functions under signif-
icant loads and does so with high degree of articulation, making it critical to mobility. 
Thus, exercising to buttress health and reinforce tissue quality is just as applicable to 
bone as it is to muscles. However, the efficiency of the adaptive (modelling/remodelling) 
processes is subdued after maturity, which makes the understanding of its potential even 
more important. Classically, studies have translated the evaluation of strength in terms 
of its material and morphology. While the morphology of the femur is constrained within 
a particular phenotype, minor variations can have a significant bearing on its capability 
to withstand loads. Morphology has been studied at different scales and dimensions 
wherein parameters quantified as lengths, areas, volumes and curvatures in two and 
three dimensions contribute towards characterising strength. The challenge has been to 
isolate the regions that show response to habitual loads. This thesis seeks to build on 
the principles of computational anatomy and develop procedures to study the distribution 
of mechanically relevant parameters. Methods are presented that increase the spatial 
resolution of traditional cross-sectional studies and develop a conformal mapping proce-
dure for proximal femur shape matching. In addition, prevalent methods in cross-sec-
tional analyses and finite element simulations are employed to analyse the morphology 
of the unique dataset. The results present the spatial heterogeneity and a multi-scale 
understanding of the adaptive response in the proximal femur morphology to habitual 
exercise loading. 
 
 
.  
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1 Introduction 
Robustness of bone is a multifaceted concept characterised by its strength, stiffness, tough-
ness and fatigue resistance. These parameters, derived by applying mechanical engineering 
principles, are a function of its material as well as morphological properties and help in quan-
tifying robustness. Thus, the structural content and construction in a normal healthy bone is 
functionally optimal for a given bone mass to achieve necessary robustness. It is a remarkable 
engineering construct that is not only efficient but also adaptive to the biomechanical demands 
placed on it in its functional capacity. The adaptive mechanisms of the bone are expressed 
most clearly in the load bearing long bones such as the femur. Consistent loading that neces-
sitates an increase in robusticity, acts as a stimulus for an adaptive response (Frost,1987). 
The bones in a skeletal system function within a particular range of motion and loads – which 
could be said to constitute its functional envelope. With larger range of motion, the direction 
of the loading can have greater variation depending on the position of the bone within its joint. 
Thus, some bones may have an expanded envelope, covering a greater range of expected 
loads and directions. The human femur is the longest and the strongest bone in the skeleton 
and due to the highly articulated ball and socket joint at the proximal end (hip), experiences 
loads under multiple directions. In comparison, the distal femur is relatively restricted in its 
range of motion and consequently the loading directions. This thesis aims to develop methods 
to enhance the ability to spatially isolate and analyse the relationship between specific habitual 
loading and effects on bone robusticity. 
The human femur is essential for locomotion and various load bearing activities that not only 
affect health and survival but also the quality of life. As an active biological tissue, it is in a 
continuous state of maintenance and repair throughout its lifetime. However, the efficiency of 
these processes declines with age and is also affected by genetic and environmental factors. 
These factors can significantly impact the structure of the femur and may ultimately compro-
mise its robustness. If the structure of the femur is incapable of absorbing the incident loads 
effectively, it increases the likelihood of material failure, resulting in a fracture. Hip fractures 
are a major public health issue facing the elderly population (Kanis 1993). In epidemiological 
studies, the probability of incidence of osteoporotic fracture after age 50 years was found to 
be about 20% in men and 50% in women, and increased with advancing age. (Johnell and 
Kanis, 2005; Lippuner et al., 2009). While the femur does progressively weaken with age, the 
risk of fracture is not uniform among individuals.  The result of adaptive processes during 
growth and after skeletal maturity can ameliorate these risks. The loss or reinforcement of 
femoral robustness and the factors responsible can be seen as a cause and effect relationship. 
Due to the complex interplay between the various cellular activities that lead up to an adaptive 
response, it is of interest to understand what factors affect or induce what kind of response 
within the bone histo-morphometry. The ability to isolate such a relationship spatially can be 
used to target vulnerable regions of the cortex susceptible to fracture.  
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Any physical activity that loads the proximal femur induces stresses and strains that are either 
within or beyond its functional capacity. Habitual loading that is above the functional capacity 
and within material limits necessitates an adaptive response. The response is expressed ei-
ther in terms of material and/or morphological changes. Loading related adaptations during 
adolescence and early adulthood are expressed through an osteogenic response, which is 
reflected in variations in its morphology. These variations are of considerable interest to un-
derstand the efficacy of physical activity in alleviating fracture risk through regional or local 
strengthening (Allison et al., 2015). Established or hypothesized patterns in morphology are 
also used in anthropology to derive activity patterns of past human populations (Ruff and 
Larsen, 2014). Traditional methods for evaluating the morphology calculate proxies for bone 
strength and stiffness at anatomically significant locations (Kaptoge et al., 2007). Morpholog-
ical shape is evaluated through spatial distribution of a set of anatomical and derived land-
marks (Richtsmeier et al., 2002). Morphological distribution is evaluated through cross sec-
tional properties e.g. cortical bone area, total bone area, shape ratios and area moments 
(Kaptoge et al., 2003). Often the cross-sections are separated into sectors defined with re-
spect to the femoral anatomy (i.e. anterior, posterior, inferior, superior, medial and lateral) and 
the statistical significance of parameters tested among these sectors. With greater availability 
of three dimensional (3D) data, methods are being developed to analyse the morphological 
variations over the entire surface of the femur. Thus, significant regional variations are ex-
plored without restricting the analyses to predefined locations (Gee et al., 2015).  
Prevalent methods and the evolving field of computational anatomy have resulted in tools that 
provide results with increasing levels of localisation – i.e. whole bone, cross-sections, sectors 
and surface regions (Yang et al., 2012; Carballido-Gamio et al., 2015) . The thesis seeks to 
address the specific area of localising geometric variations in the proximal femur in response 
to different loading patterns. Employing traditional and computational anatomy methods, we 
develop procedures that illustrate the patterns at different levels of localisation. The consoli-
dated set of tools are applied to a dataset from a cohort study (Nikander et al., 2009) to explore 
the effect of habitual loading in female athletes on their morphological parameters and contrast 
them with active reference subjects. Based on a dataset consisting of magnetic resonance 
imaging (MRI) of the hip of 111 female subjects, the work presents inferences derived through 
cross-sectional and 3D analyses reported in 4 separate publications. Publication 1 analyses 
the cross-sectional shape and circumferential cortical thickness distribution at 2 anatomically 
significant locations in the femoral neck. The traditional cross-sectional sector based division 
is extended towards a polar presentation. This enables an analysis for statistical significance 
within cross sections beyond defined angular spans. Publication 2 studies morphological dis-
tribution of the cortex at 3 locations employing traditional metrics defined for the entire cross-
section. Group differences in the vicinity of the lesser trochanter are studied in the context of 
activity reconstruction to determine which site-specific parameters can potentially serve as 
discriminators of physical activity. Publication 3 studies stress distributions in the femoral neck 
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volume through computational simulations under fall induced unphysiological (or ‘supraphys-
iological’) loading. The 3D neck volume is divided into octants to compare and contrast statis-
tical significance of the induced stress distributions. Publication 4 studies the 3D distribution 
of morphological parameters through a novel application of Ricci flow based conformal map-
ping on the femur surface. This method treats the femur as a topological surface to achieve 
robust correspondence between multiple shape instances.  
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2 Background 
Locomotion in vertebrates is primarily achieved through the musculo-skeletal system. The 
muscles act as force generators while the skeletal system, made up of bones and connective 
tissue, forms an efficient linked system of rigid structures. Other tissues such as ligaments, 
tendons and cartilage have subsidiary roles and function as flexible linkages and lubricated 
contact patches. In the skeletal system, mineralized bone is the primary tissue responsible for 
providing strength and rigidity to the body. It does have a non-mechanical role as a reservoir 
of minerals and contributes significantly to the metabolic function of the body. The human 
skeletal system has bones with a wide range of sizes and functionality. Different bones of the 
skeleton provide varying levels of strength, rigidity and protection. For example, the skull 
primarily provides protection as a rigid enclosure. The thoracic rib cage provides protection to 
the vital organs in the thorax, which is accomplished not as a solid shell construction but as a 
pliable cage. However, not every bone participates directly in locomotion. The bones which 
are responsible for locomotion can vary in their size, shape and function as well, but primarily 
provide some combination of load bearing capability, rigid attachment sites and mechanical 
leverage. The long bones in the limbs function as load bearing bones while providing effective 
leverages for mobility. The spinal column is an interesting implementation of a protective, 
strong and flexible linked system, indispensable to mobility. Thus, it is clear that bone 
morphology can be different according to its primary role. Its functional role under normal 
‘operation’ characterizes its morphology. However, the conditions under which a load bearing 
bone operates can vary significantly and the response of bone in adapting to such variations 
can produce distinct histo-morphometric changes. The following chapters will present basic 
biology of the bone and its behaviour in its biomechanical environment. Subsequently, the 
proximal femur will be presented in greater detail to finally touch upon the methods employed 
in studying, characterising and analysing this important anatomy.  
2.1 Bone tissue 
Bone is a remarkably engineered construct that has major mechanical and metabolic functions 
in the body. It has a high capacity for repair and adaptation and seeks to achieve functional 
efficiency for its biomechanical role. Its functional role, and consequently behaviour, varies 
significantly within the body and is achieved by variations in its composition and layout. The 
basic building units of the tissue and their hierarchical arrangement will be introduced in the 
following sections. 
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2.1.1 Material composition and structure 
At the material level, bone is a composite tissue made up of mineral, cells, water, collagen 
and non-collagenous proteins. The distribution of the organic and inorganic phases varies 
according to the type of bone, age and pathology (where present). The unique triple helical 
collagen protein structure is the basic building element which forms the substrate for the tissue 
(Lees et al., 1994). The mineral, which is the largest component by weight (65%), is an impure 
form of calcium phosphate (hydroxyapatite: Ca10(PO4)6(OH)2). In its biological form, it exists 
as small crystals shaped as needles, plates or rods. It is distributed in and around the collagen 
fibres providing rigidity and strength. The collagen fibres themselves provide tensile strength 
and toughness (Currey, 2003). The non-collagenous proteins, present in small quantities in 
the extracellular bone matrix, play important homeostatic and metabolic roles (Boskey, 1992; 
Roach, 1994). All activity within bone is achieved through 4 cell types: osteoblasts, osteocytes 
osteoclasts and bone lining cells. Osteoblasts are responsible for synthesising bone matrix 
and are located on the bone surface (periosteum and endosteum). Osteoclasts are multinu-
cleated giant cells responsible for removing bone. Osteocytes are encased within the bone 
matrix and convey nutrition and mechano-sensory signals responsible for bone turnover. The 
osteoblasts and osteoclasts are functionally coupled in a normal tissue (Manolagas & Jilka, 
1995). Bone lining cells cover inactive (non-remodelling) bone surfaces and together with the 
network of interconnected osteocytes, provide the cellular system that senses changes in 
bone loading and subsequently activates osteoclasts and osteoblasts to resorb or produce 
bone matrix (Miller et al., 1989). It should be noted that these descriptions only summarize the 
primary roles of these cells. The precise functional pathways and complex interaction between 
the cellular mechanisms involve many factors that are currently understood and continue to 
be studied. Finally, water within the bone matrix has an important role in the viscoelastic ma-
terial behaviour of bone and mechanically strengthens it. Additionally, it participates in the 
hydrodynamic signalling sensed by the osteocytes and bone lining cells (Weinbaum et al., 
1994).  
The hierarchical structure of the bone is centred on the arrangement of the collagen proteins, 
which are aggregated with increasing organisational complexity (Figure 1) (Rho et al., 1998; 
Launey et al., 2010). The mineralized collagen molecules form fibrils, which are bundled as 
fibres. These fibres are arranged in thin circular sheets with uniform fibre orientation, called 
lamellae. Concentric arrangement of these lamellae, form the basic unit of the lamellar bone. 
Importantly, fibre orientations between each neighbouring ring alternate. The lamellar rings 
including the central channel (Haversian canal) are called osteons. These osteons are cylin-
drical in shape with a diameter of 200-250 µm and 1-3mm length, running along the long axis 
of the bone. At the top of the structural hierarchy, bones consist of trabecular (or cancellous) 
and cortical (or compact) bone. Trabecular bone is a highly porous, irregular and inter-con-
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nected arrangement of lamellae. It is nourished by the red bone marrow which fills and sur-
rounds it. The cortical bone is significantly higher in density and forms a hard shell that pro-
vides rigidity and strength against external stresses.  
 
Figure 1 A descriptive schematic of the cortical bone (source: Openstax) and the various levels of the hierarchical 
construction of the bone tissue (Launey et al., 2010) 
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2.1.2 Bone strength 
The precise construction and composition of different bones in the skeletal system vary ac-
cording to their function. Their functional purpose and the mechanical demands placed on 
them result in variations in their mechanical behaviour. The robustness of bone can be gauged 
by studying its response to, or the ability to resist, the most common mechanical forces such 
compression, tension, bending and torsion (Figure2).  
 
Figure 2 Basic loading schemes experienced by bone. They include simple schemes such as tension, compression 
and shear. Compound loading patterns such as bending and torsion are a combination of the simple loading 
patterns. 
These forces are produced either by the application of external loads (and the corresponding 
reaction forces) or internally through muscle contractions at the attachment sites. Mechanical 
parameters such as strength, stiffness, toughness and fatigue resistance are used to describe 
behaviour under loads. These parameters are commonly extracted from load-deformation 
curves, which plot the response to applied loads in terms of observed deformation in an ex-
perimental setup (Figure 3). Several mechanically significant parameters such as stiffness 
(slope of curve), ultimate load (failure load) and work to failure (area under curve) can be 
calculated from these graphs. 
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Figure 3 Illustration of common setup for calculating the load-deformation curves of the bone using 3-point or 4-
point bending experiments. Bone parameters are calculated from the curves. (Jepsen et al., 2015) 
The cortical and trabecular bones differ in their properties significantly. The cortical bone prop-
erties are strongly correlated with the degree of mineralization and porosity, accounting for 80% 
of the variation in its elastic modulus (Currey, 1990). Due to the organisation of the mineralized 
collagen, the material axis of the cortical bone is along the longitudinal axis of long bones. Due 
to its transversely isotropic nature, the cortical bone is stronger under longitudinal loading, 
exhibiting high compressive stresses and tensile strains. It is weakest under transverse load-
ing where the pattern of arrangement of the osteons cannot be leveraged for mechanical 
strength. The trabecular bone on the other hand, displays much lower strength properties in 
comparison. However, their properties can vary by a couple of orders of magnitude, even 
regionally within the same bone (Keaveny & Hayes, 1993). It has a very diverse and hetero-
geneous structural organization. Its apparent density (i.e. volume fraction) is the most im-
portant variable in explaining the variations in their strength (Hernandez et al., 2001; Morgan 
& Bouxsein, 2008). In the long bones, it is present only in the epiphyses and thought to help 
in dispersing impact loads at these locations. While the trabecular bone is not primarily in-
volved in load bearing, it does serve secondary functions by buttressing the thinner cortical 
shells against buckling (Thomas et al., 2009). 
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Figure 4 The material properties of bone tissue is typically studied through their response curves under tensile and 
compressive loading. The mechanical characteristics are quantified through measures of curve properties and area 
under curves. (Cole & van der Meulen, 2011; Bartel et al., 2006) 
The mechanical parameters quantified through the load-deformation curves, describe the 
macroscopic behaviour of bone, such as the femur under external loading. This behaviour 
however, is a consequence of material properties as well as geometric/histomorphometric 
properties. The material properties of bone are described by the analogous stress-strain 
curves (Figure 4). They discount the geometry effects and describe only the material proper-
ties, where mineralization, micro-damage extent and collagen characteristics are important 
determinants of bone strength. The measurements depend on the loading mode (tension or 
compression) and on the orientation of the sample with respect to tissue anisotropy (longitu-
dinal to transverse). Bone exhibits viscoelastic material properties (Johnson et al., 2010). The 
elastic modulus and strength of the bone is dependent on the strain rate, such that at higher 
loading rates the stiffness of bone increases accompanied by a proportionate decrease in 
ductility (Bartel et al., 2006). Thus, dynamic loading and static loading assume significance in 
studying bone characteristics. In addition to the intrinsic material properties, additional factors 
such as the histological distribution of bone material (such as secondary osteons density and 
size, lamellar bone) are important determinants of bone behaviour (Skedros, 2012). 
However, robustness of bone is not exclusively a function of its material quality, micro-archi-
tecture and organization. Bone geometry plays an equally significant role, especially in the 
long, load bearing, appendicular bones. These bones are principally subjected to bending and 
torsional loads (Martin, 1993). Increased resistance to the consequent stresses have been 
observed to be a function of bone size (Silva & Gibson, 1997) and bone mass distribution 
(Crabtree et al., 2001, Bouxsein & Seeman, 2009).  
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Figure 5 An illustration of the nominal change in strength under loads in response to change in crossectional 
geometry. The geometry variations are illustrated with respect to the area of a solid circular cross-section of radius 
r. The drifting periosteal and endosteal surfaces (and associated cortical thickness t) effects bone strength, i.e. the 
ability of the bone to resist fracture. Section modulus is proportional to the bending failure strength and the cortical 
area is proportional to tensile/compressive strength. (modified from Cole & van der Meulen, 2011) 
The stiffness of bone increases with size, achieved either through an increase in average 
cortical thickness or by distributing the bone mass further from the neutral axis of bending 
(Figure 5).  Additionally, regional variations in cortical thickness of a cross-section can alter 
the shape which can significantly affect the curvature of the bone. These changes in curvature 
can significantly enhance the bending resistance of bone. 
2.1.3 Adaptive processes 
Throughout its lifespan, bone manipulates the material quality, microarchitecture, organization 
and distribution in order to accommodate the loads it is subjected to. Subsequent to osteo-
genesis, these manipulations occur primarily through the modelling and remodelling pro-
cesses. The results of these processes are observed as regional (or total) and temporal vari-
ations in mechanically relevant material and structural parameters. Besides the genetic and 
epi-genetic factors, there exist extra-genetic factors that stimulate these processes. These 
external stimuli can be in the form of habitual loading patterns due to activity, which cause 
regional variations in stress and strain patterns. The various ontogenic phases of the human 
bone compiled in Figure 6, illustrate the progressive changes in bone mass and quality and 
the affecting factors involved. 
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Figure 6 Ontogenic phases of human bone mass in males and females. In females there is considerable loss of 
bone mass between ages of 45-60 years due to menopause. (source: OpenStax) 
It is clear that the distinct contributions of bone material and structural parameters couple 
towards maintaining the robustness of the bone. Understanding the mechanisms (modelling 
and remodelling) that affect these individual parameters is essential in understanding the 
adaptive potential of bone. Modelling induces bone formation or resorption on the periosteal 
and endosteal surfaces, which are evidenced as changes in the cortical thickness, curvature 
and overall cross-sectional shape. It could be said that modelling influences the structural 
layout of the whole bone. Remodelling influences the intra-cortical bone by manipulating the 
creation and organisation of secondary osteons through the activation of basic multicellular 
units (BMUs, containing osteoclasts and osteoblasts) (Parfitt et al., 1996). The affects can be 
observed histologically as changes in osteon density, osteon size, collagen fibre orientation 
and porosity (Currey 2002; Ehrlich & Lanyon 2002). However, the degree of synergism be-
tween the modelling-remodelling processes has not yet been established very well.     
22 
 
2.2 Proximal Femur 
 
Figure 7 The morphology of the human femur and its anatomical features. (modified from source: OpenStax) 
The femur is the longest bone in the human body, making up for about 26.74% of an individ-
ual’s height with limited variation (Feldesman et al., 1990). Functionally, it plays a significant 
role in locomotion and mobility as a weight bearing skeletal element and as a rigid attachment 
site for various muscle groups. It is surrounded by some of the largest and strongest muscle 
groups such as the quadriceps and the glutes. Activation of these along with others such as 
the psoas major and psoas minor utilize the femur as an efficient moment arm. A description 
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of its morphology starts with considering its three sections: proximal epiphysis, diaphysis (fem-
oral shaft) and the distal epiphysis (Figures 7). The femur articulates with the hip at the proxi-
mal epiphysis through a ball and socket joint and with the knee at the distal epiphysis. The 
features contained at the proximal end of the femur include the femoral head, neck, greater 
trochanter process and the lesser trochanter process. The head is covered with articular car-
tilage and is the surface that interfaces with the hip joint. The neck connects the articulating 
head with the main body of the femur. The trochanters are sites of muscle attachments and 
show great variation in form and relative position between individuals.  
Structurally, the design of the femur transfers loads between its interfacing epiphyses, through 
the diaphysis. From the head to the region of the lesser trochanter, the bone is primarily a thin 
cortical shell enclosing trabecular bone. While the trabecular bone does not directly contribute 
towards bone strength and stiffness, they do however, dissipate compressive and tensile loads 
acting on the femoral head and neck (Rudman et al., 2006). Unlike the hollow thick walled 
near-cylinder like structure of the shaft, the cortical shell of the proximal femur is relatively thin. 
The inferior region of the femoral neck is an exception where the cortex thickens to resist the 
high compressive forces due to loads acting on the head. Under normal ‘operation’ the abso-
lute tensile stresses are lower than the compressive stresses (Mayhew et al., 2005; Qian et 
al., 2014). Consequently, the superior region of the neck subjected to predominantly tensile 
forces is thinner.  
The femoral head articulates within the acetabellum socket of the hip, influenced by the 
neck-shaft angle. This angle represents an advantageous design for bipedal motion that 
keeps the lower extremity away from the pelvis and allows greater rotation at the hip joint 
(Isaac et al., 1997). The joint is kept firmly coupled by the surrounding ligaments and muscles. 
The most significant of the ligaments are the ligamentum teres and acetabular ligaments. Due 
to the versatility of the joint design, the proximal femur has a significantly large range of motion. 
Typically, the values are 80°-140° for flexion, 5°-40° for extension, 45°-50° for abduction and 
20°-30° for adduction. Internal rotations range from 42°-50° with the knee bent at 90° (Greene 
& Heckman, 1994; Elson & Aspinall, 2008). Naturally, these values vary slightly between indi-
viduals based on their mobility and specific bone morphology. An individual may not utilize the 
entire available range of motion on a regular basis. Indeed, common locomotive activities such 
as walking, jogging, climbing stairs and related mobility do not require the extremes of the 
available ranges. However, they do exercise the proximal femur, albeit to a lesser degree, 
through nearly all individual movements: extension, flexion, abduction and adduction. When 
the proximal femur is functionally subjected to loads in various ‘poses’ during these move-
ments, it results in a complex combination of tensile, compressive and shear forces. Addition-
ally, the regional distribution of these forces is dependent on the loading magnitude, rate of 
loading, frequency and number of repetitions.  
24 
 
2.2.1 Morphological measures 
In order to study the variations and adaptations in the proximal femur, it is essential to establish 
methods to quantify its morphology. Changes in these quantities can then be analysed to 
determine trends and the factors responsible. In morphopmetry, morphology is expressed in 
terms of metrics that represent anatomically significant features and various measures be-
tween them (Bookstein, 1991). These metrics can be in one, two or three dimensions and 
commonly constitute lengths, angles and areas. The geometric properties conveyed by these 
metrics are used as proxies for biomechanical properties. Morphology is also studied by con-
structing wireframes based on appropriate landmarks (Figure 8) and subsequent statistical 
shape analysis (Harmon, 2007). Cross-sectional analyses have been widely used to study the 
commonly accepted significant regions in the proximal femur: femoral neck, inter-trochanteric 
region, lesser trochanter region and the proximal shaft (up to mid-shaft).  
 
Figure 8 Illustration of commonly landmarked features of the proximal femur typically employed in 
morphometry/shape analysis studies. These examples are compiled from the works of Harmon (2007), Holliday et 
al. (2010) and Väänänen et al. (2012). 
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2.2.2 Morphological variations and adaptations 
The modelling and remodelling mechanisms work on the bone continuously throughout its 
lifetime, as part of a feedback system aimed at biomechanical efficiency.  There are multiple 
factors that trigger and control these mechanisms which may be coupled to the ontogenic 
phase that the bone is in: attainment, maintenance or senescence. These influences can be 
broadly considered as genetic, epigenetic and extra-genetic (Skedros et al., 2007). Genetic 
and epigenetic factors are those that are inherited and their expression induces variations and 
adaptations that are entirely intrinsic to the individual biology. Extra-genetic factors in contrast, 
are external to the biological makeup of the individual. While these factors may not be heritable, 
it must be acknowledged that they do act on the inherited biological machinery. The following 
paragraphs will briefly introduce these factors behind morphological variations in the proximal 
femur. 
Ontogenic Variations: During osteogenesis and the initial growth phase the femur undergoes 
marked changes in size and shape (Djuric et al., 2012). The differences in body proportions, 
skeletal development and immature gait, load the femur in distinct patterns from adults. 
Greater medio-lateral ground reaction forces were found to affect the mid-shaft shape of young 
walkers (Cowgill et al., 2010). The second major growth spurt that occurs after puberty induces 
changes that take the femur to maturity. The collo-diaphyseal angle decreases, femoral neck 
widens, the fovea position lowers and the greater and lesser trochanters increase in size (Pujol 
et al., 2014; Pujol et al., 2016). During this period of adolescence, the velocity of bone mass 
accrual is at its peak, reaching maximum values by early adulthood. In males, peak cross-
sectional area and bending resistance is achieved by about age 22.3. In females, the peaks 
values are achieved by about age 21 (Jackowski et al., 2011). The post-maturity morphology 
of the femur is maintained till the senescence phase, where the inability of the body to maintain 
the material quality of bone results in morphological changes. In females, the section modulus 
at the narrow neck and the shaft remains nearly constant into their 50’s, declining thereafter. 
In males, there is a modest decrease in the section modulus at the narrow neck until the 50’s 
(constant thereafter), while the shaft section modulus was static till the 50’s and subsequently 
increased steadily (Beck et al., 2000). The results indicate that the decreased robustness due 
to loss of BMD at these sites (and possibly increased porosity) is mitigated by the expansion 
of the sub-periosteal diameter. This widening mechanically offsets the net loss of medullary 
bone mass (at the cost of increased brittleness); suggesting that age-related loss of bone 
mass does not necessarily translate into proportional reduction in mechanical strength. 
Genetic and epi-genetic variations: Apart from age effects, pathological conditions and abnor-
mal ontogeny, sex and ethnicity also account for certain variations observed between popula-
tions. For example, among a sample of 3,305 North Americans including Black, Hispanic, 
White and Asian men (>65 yrs), femoral neck dimensions revealed similar mean neck volumes. 
However, Black and Asian men had thicker cortices (Marshall et al., 2008). In another study 
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of the proximal femur of 1190, examining Black, Hispanic and White men, greatest bone 
strength was observed among the Black men. The greatest age related difference was ob-
served among the Hispanic men (Travison et al., 2008). Femoral head diameter, calcar-canal 
width ratio and neck-shaft angle (calculated from radiographs) were found to be differing sig-
nificantly amongst the Chinese, Indian and Malay women (Tang et al., 2016). In a study of 214 
peri- or postmenopausal women (46-85 years), thicker cortical bone and lower cortical buck-
ling ratio were found in Asians in comparison to their American, European, and African coun-
terparts (Kim et al., 2011). Sexual dimorphism is reflected in the femur most commonly through 
a combination of all or some metrics such as femoral head diameter, bone length, mid shaft 
cross-sectional geometry and distal epiphyseal measures (Purkait et al., 2004; Brown et al., 
2007). The precise set of parameters that are sufficient for reasonably accurate discrimination 
depends on the ethnicity of the population.  
Adaptations to activity: Habitual physical activities involving the proximal femur can induce 
loads varying in magnitude, rate of generation and direction, resulting in differences in regional 
distribution of these loads. The existing morphology, according to its ability to accommodate 
these loads, will experience varying magnitudes of strains. Depending on where they fall within 
the different strain zones of the mechanostat (Frost 1987; Figure 9), these localized or regional 
strains can act as stimuli for bone adaptation (Thompson et al., 2016).  
 
Figure 9 The four zones according to the Mechanostat hypothesis where in incident strains effect the remodelling 
and modelling processes effecting bone mass. 1) Trivial loading zone: remodelling processes are activated when 
the strains are below the minimum effective strain (MES) of remodelling. 2) Physiologic loading zone: when strains 
are between the remodelling MES and modelling MES, remodelling and modelling processes are relatively bal-
anced (while under hormonal and metabolic influences). 3) Overload zone: strains above the modelling MES result 
in addition of lamellar bone through increased modelling processes. 4) Pathological overload: strains above repair 
MES result in rapid addition of woven bone to the bone surface. In the extreme (>15000) it can result in initiation 
of fracture in the material. (Skedros et al., 2001)  
Establishing a one to one relationship between activity and bone adaptation is not straightfor-
ward, since other factors (strain rate, strain distribution, number of repetitions and frequency) 
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are also important in determining the effectiveness as the stimulus (Nikander, 2009; Lanyon, 
1987; Mcleod & Rubin 1992, Rubin & McLeod, 1994; Rubin et al., 2002). In the context of the 
highly articulate hip joint, regional strain distribution is of significance. Lanyon (1987) proposed 
that loading directions that differ from common predictable loading are more osteogenic. Thus, 
any activity that stresses the proximal femur in a manner different from simple locomotive 
patterns has the potential to be more effective as a stimulus. When such activities become 
habitual, even with low repetitions but consistent in frequency and rest, they can be effective 
stimuli for adaptation (Turner & Robling, 2003; 2005). Measuring strains induced in the bone 
(in-vivo) as a result of activity is however very difficult to achieve and as a result very few 
studies have attempted such measurements (Al Nazer et al., 2012). The difficulty in accessing 
the proximal femur in the hip further increases the difficulty in realising such projects. In-vitro 
measurements have been performed on cadaver samples through mechanical testing under 
realistic loading conditions (Cristofolini et al., 2009; Grassi et al., 2014). In-vivo measurements 
based on strain gauges have been used to gather strain patterns post-operatively (Aamodt et 
al., 1997). Specific MRI protocols have been developed for non-invasive in-vivo measurement 
of strains in the articular cartilage at the tibiofemoral joint (Chan and Neu, 2012; Chan et al., 
2016). While these methods are promising, studying the proximal femur biomechanical envi-
ronment is a significant challenge and solutions for 3D strain measurement in the cortex re-
main elusive. Given this paucity of methods, strains have been indirectly estimated through 
measuring ground reaction forces and kinematic modelling of the lower extremity ( Daly et al., 
1999; Heikkinen et al., 2007; Heinonen et al., 1996, 2001; Vainionpää et al., 2006; van der 
Bogert et al., 1999; Weeks and Beck, 2008; Weeks et al., 2008; Bassey et al., 1995; Ebben 
et al., 2010; Wang et al., 2012; Tolly et al., 2014; Puddle and Maulder, 2013; Nin et al., 2016). 
Some common activities and the associated load magnitudes and rates are listed in Table 1 
and illustrated in Figure 10 
Table 1 Various activties and sports measured for maximum vertical ground reaction forces and loading rates 
(rate of force) 
Activity Peak GRF 
(BW) 
Rate of Force 
(BW/s) 
References 
Walk (3 km/h) 1.5 8 Vainionpää et al. 2006; Ebben et al. 2010 
Walk (5 km/h) 1.85 20 van der Bogert et al. 1999; Heinonen et al. 
2001; Vainionpää et al. 2006; Weeks and 
Beck 2008; Ebben et al. 2010 
Walk (6km/h) + 32kg load 1.92 35 Wang et al. 2012 
Stairs ascent 1.14 6 Stacoff et al. 2005 
Stairs descent 1.6 14 Stacoff et al. 2005 
Side-step 2.9 120 Weeks & Beck 2008 
Hop 3.4 50 Weeks & Beck 2008 
High jump take off 3.5 120 Weeks & Beck 2008 
Long/triple take off 3.5 140 Weeks & Beck 2008 
Heel drop 3.6 40 Weeks & Beck 2008 
28 
 
Running stop & turn 1.8 40 Weeks & Beck 2008 
Running (6 km/h) 2.34 28 Ebben et al. 2010 
Running (13 km/h) 3.9 87 Heikkinen et al. 2007; Weeks & Beck 
2008; Ebben et al. 2010 
Running (18 km/h) 4.03 183 Ebben et al. 2010 
Jump 4.7 70 Vainionpää et al. 2006; Weeks & Beck 
2008 
Foot stomp 4.6 470 Weeks & Beck 2008 
Drop jump 6.5 170 Vainionpää et al. 2006; Heikkinen et al. 
2007; Weeks & Beck 2008;      
Powerlifting 3.25 3 Fauth et al. 2010 
Power clean 60%wt 3 16 Comfort et al. 2011 
Cricket (bowling) 9 346 Feros 2015 
Basketball 7.29 213 Nin et al. 2016 
Gymnastics (landing) 10.4 610 Daly et al. 1999 
Steeplechase 6 282 Kipp et al. 2017 
Cyclocross 2.9 63 Tolly et al. 2014 
Parkour 3.2 83 Puddle & Maulder 2013 
Slalom skiing 7.8 - van der Bogert et al. 1999;  
Mogul skiing  10.35 - van der Bogert et al. 1999;  
Triple jump second con-
tact 
22 - Heinonen et al. 2001 
 
Figure 10 Illustration of the relative positions of different activities and sports with respect to the typical maximum 
ground reaction forces (GRF) and maximum loading rates. These values represent the maximum magnitudes 
measured by various studies (listed in Table 1). Simple movements are plotted in blue and sports, which are com-
monly a sequence of movements, are plotted in red. The encircled clusters are very broad categorizations of the 
underlying activity drawn for convenience. The axes are on a logarithmic scale.  
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The beneficial effects of weight bearing physical activity on bone robustness and health is well 
established (Fuchs et al., 2017). The evidence is based on studies on data from habitual prac-
titioners (exercise), randomized controlled trials and past populations. Cohort studies collect 
the femoral morphology from subjects with established pattern of activity, quite often sports or 
exercise regimen practiced either professionally or recreationally (Nikander 2009, Nikander et 
al., 2009; Scerpella et al., 2016; Dowthwaite et al., 2012; Dowthwaite and Scerpella, 2009). 
The effect of prescribed activity has been studied in controlled trials, where the intervention is 
often administered as targeted exercise programmes (e.g. high-impact loading, low-impact 
weight bearing, resistance training, balance and agility exercises). Other valuable sources of 
data are the bones of past populations which are categorized by appropriate factors: e.g. gen-
der, ethnicity, socio-economic status, nutritional habits and physical activity. Studying the ef-
fects on proximal femur bone structure and bone mass distribution is commonly based on 
DXA scans and pQCT cross-sections (femoral neck and intertrochanteric): pre- and peri-pu-
bertal girls and boys (Fuchs et al., 2001; MacKelvie et al., 2004; Macdonald et al., 2008; Fritz 
et al., 2016), postmenopausal women (Hamilton et al., 2010). The established effects and 
hypotheses through these studies have been applied in reverse by anthropologists. Referred 
to as activity reconstruction, they serve to explore the factors contributing to the differences 
observed in morphology. These factors can provide information regarding the likely physical 
activity patterns past populations were engaged in, which can give insight into their socio-
economic environment.     
2.3 Methods in analysis 
Procedurally, any analysis of the morphology starts with extracting the defined morphological 
parameters. Direct manual measurement on ex-vivo samples is the simplest method, often 
performed on archaeological and cadaver samples. However, this can be tedious and also 
limits the morphological variation than can be analysed. Tools such as microscribes have im-
proved working on such samples (Holliday et al., 2010) by digitizing the operator selected 
feature points in 3D. Laser and optical scanning methods have been used to remove operator 
involvement by densely sampling the surface to represent it as a point cloud (Slizewski and 
Semal, 2009; Filiault, 2012; Verim et al., 2013; Rein and Harvati, 2014; White, 2015). These 
methods are limited to analyses of only the surface based metrics of ex-vivo samples – posi-
tions, distances, shapes and cross-sectional contours. To calculate metrics based on internal 
structure and distribution of bone in ex- and in-vivo samples, projection (DXA) and tomo-
graphic (CT, pQCT, MRI) imaging methods have been used (Macintyre and Lorbergs, 2012). 
Neutron imaging modality has also been used for acquiring bone densitometry data (Sartoris 
& Resnick, 1990; Moghaddam et al., 2008). With ex-vivo samples, an imaging modality can 
be chosen according to the required scale and type of features that are to be extracted and 
analysed. For these samples, radiographic methods are extensively used as ionizing radiation 
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is not of concern. However, for in-vivo imaging radiation dosage is of prime concern and there-
fore, dictates the imaging modality than can be used for a study. The various modalities com-
monly used for imaging bone are illustrated in Figure 11 along with the common features that 
are extracted from them.  
 
Figure 11 Various imaging modalities employed in studies to analyse the morphology of bone. This figure illustrates 
the different imaging modalities and their relative positions in terms of radiation dosage and imaging accuracy 
(adapted from Macintyre et al 2012) 
Thus, the amount of radiation dosage administered needs to be justifiable, especially for 
healthy individuals recruited in cohort studies. Consequently, DXA has been the most common 
modality of imaging for assessing bone health. Besides direct measurements of morphology 
from these images (e.g. neck width, neck axis), the hip strength analysis (HSA) technique has 
been employed to obtain additional bone structural parameters from DXA images (Beck, 2007, 
Bonnick, 2007). As it is a projection image which averages volumes of bone over a projected 
area, the spatial information in the 3rd dimension is lost. Thus, the periosteal and endosteal 
contours of the cortical bone in the cross-sectional plane cannot be precisely derived. At the 
femoral neck, the HSA method models the cortical bone as a uniform circular distribution ac-
counting for 60% of bone mass (Beck and Broy, 2015). These assumptions are an oversim-
plification of the spatial distribution of the cortical bone and have been known to overestimate 
the approximated thickness measure (Kersh et al., 2013). These irregularities can subse-
quently obscure the presence (or absence) of regional adaptations at important sites (Järvinen 
et al., 1999) such as the superolateral cortex of the femoral neck.   
The limitations of analyses based on 2D projection images have led to the development of 
techniques for 3D image data. Radiation tomography based modalities (CT, pQCT) are often 
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the most accurate methods available for obtaining the structure as well as the material char-
acteristics (density) of the bone. However, administered radiation dosage is strictly restricted 
in the ethical collection of data from healthy human subjects, which limits the available 3D 
modalities to pQCT and MRI. Unlike pQCT, in which dosage can only be kept low for periph-
eral sites, MRI is much more widely applicable. This versatility comes at a slight cost of image 
resolution and long imaging times. However, technological developments have made MRI an 
effective way to acquire bone morphology (Neubert et al., 2017), albeit without the material 
density information. Image processing and segmentation procedures represent the anatomical 
shape as either surfaces or labelled volumes. Subsequently, features such as area, volume, 
thickness and landmark relative positions are calculated over them. These parameters are 
calculated as bulk parameters in regions of interest (ROI) whose extent, location and demar-
cation is defined according to the study design. In some studies, the selected cross-sections 
are divided into anatomical sectors (quadrants, octants or more). These studies then report 
observations and make inferences with respect to these intuitive anatomical orientations. They 
convey the findings with greater resolution (within cross-sectional plane) when compared to 
bulk parameters and help localize the factors and their effects with respect to the pose of the 
femur at specific cross-sections (Nikander et al., 2009; Johannesdottir et al., 2013; Abe et al., 
2016). 
In recent years, methods have been developed that go beyond pre-defined ROI’s towards 
spatially dense, whole structure analysis; often at or below the resolution of the native image 
data. This methodology, known as computational anatomy, is a collection of algorithms em-
ploying methods in image analysis, geometry and statistics to analyse and model anatomy 
and the variations of relevant features across populations (Carbadillo-Gamio and Nicolella, 
2013, Pennec and Fillard, 2015). Thus, without assuming significance of ROI’s, the features 
across the spatial domain (curves, surfaces or volumes) for multiple subjects can be compared 
and their statistical significance visualized as colour maps (Treece et al., 2010). To name a 
few of their major applications, they have been used in conjunction with in-vivo QCT and clin-
ical CT data, to study the risk factors for hip fracture (Li et al., 2009; Poole et al., 2012; Johan-
nesdottir et al., 2014), age effects (Carballido-Gamio et al., 2013), spaceflight effects (Li et al., 
2007) and effect of drug treatment (Poole et al., 2011). There are 2 steps at the core of the 
computational anatomy approach – spatial normalization and statistical testing. They are usu-
ally preceded by shape representation and feature extraction from image data. Spatial nor-
malization involves finding correspondence between anatomical regions of multiple instances 
of shapes with respect to a common standardized space. Due to the large number of corre-
sponding points that are involved in statistical inference calculations, corrections need to be 
made for multiple comparisons. In numerous studies dealing with the proximal femur, statisti-
cal parametric mapping (SPM) based on random field theory has been employed (Friston et 
al., 1994). The MATLAB implementation is available as the SurfStat toolkit (Worsley et al., 
2009).  
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2.3.1 Shape registration 
In large group studies, statistical shape and appearance models (Cootes et al., 1995, Castro-
Mateos et al., 2014) are frequently used to put all the individual femur shape instances in a 
common framework. The shapes are commonly represented as meshes or gridded data (pix-
els in 2D, voxels in 3D). A mesh is defined by nodes and the connectivity between them. 
Nodes represent specific locations relevant for describing the shape or geometry of the anat-
omy. These can be boundaries in 2D, surface of a volume in 3D, volume meshes with nodes 
also representing the interior of the body. Implicitly describing shapes through gridded data is 
performed through distance maps (Aslan et al., 2010) and intensity values within the object of 
interest (Li et al., 2009). The most frequently used approaches for establishing correspond-
ence are:  
(1) Explicit landmark placement: A common method used with 2D images where an expert 
manual identifies the landmarks (Harmon, 2007). The landmarks can also be identified semi-
automatically based on shape feature detection (Väänänen et al., 2015).  
(2) Mesh deformation: A reference mesh is deformed to fit every target mesh, often with the 
objective of producing a set of iso-topological meshes (Bryan et al., 2009; Grassi et al., 2014a). 
The training set can be surface meshes, volume meshes or intensity volumes (binary volumes, 
distance maps, etc).  
(3) Volume to volume: A reference image is selected and segmented. Then, the image volume 
(Whitmarsh et al., 2011; Bonaretti et al., 2014) or the segmented volume (Fritscher et al., 2007) 
is deformed to adapt it to all the training samples.  
In these approaches, the computational process of transforming the source to the target is 
called the registration step. Rigid alignment through Generalized Procrustes Analysis (GPA) 
(Gower, 1975) is a common first step in the landmark based registration process for normal-
ising pose and scale. An equivalent method for the volume to volume approach is based on 
mutual information developed for QCT image volumes (Li et al., 2006). Due to the presence 
of non-isometric variations in bone geometry, rigid alignment has to be supplemented with 
non-rigid (elastic) registration for greater accuracy. However, this is a challenging task, espe-
cially for shapes with complex topologies or in the presence of noise. Numerous algorithms 
have been developed and applied for non-rigid registration of the femur for the different cor-
respondence approaches. These include methods based on – multi-scale 3D cross-correlation 
(Collins et al., 1994; Li et al., 2007), iterative closest point (ICP: Besl and McKay, 1992; Treece 
et al., 2010; Tree and Gee, 2015), B-splines (Bryan et al., 2009), log-demons (Vercauteren et 
al., 2009; Bonaretti et al., 2014), radial basis functions (Grassi et al., 2011; Arezoomand et al., 
2015), greedy algorithms (Wang and Shi, 2017), spherical harmonics (SPHARM) (Styner et 
al., 2003, 2006; Funkhouser et al., 2003; Frome et al., 2004) and minimum descriptor length 
(MDL) (Davies et al., 2002).  
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Additionally, methods have been developed for surface registration that find application in 
other fields or anatomies. These are based on – surface curvature (Vemuri et al., 1986), re-
gional point representation (Sun and Abidi, 2001; Ruiz-Correa et al., 2003), shape distributions 
(Osada et al., 2002), physics-based deformable models (Terzopoulos et al., 1988), free form 
deformation (FFD) (Huang et al., 2003) and Level-sets (Malladi et al., 1996). Of interest are 
harmonic and conformal geometric methods that have been developed for numerous applica-
tions in computer vision (Angenent et al., 1999; Zhang and Hebert, 1999; Haker et al., 2000; 
Levy et al., 2002; Gu et al., 2994; Sharon and Mumford, 2004; Wang et al., 2005a,b; Wang et 
al., 2007; Zeng et al., 2008). They are an elegant way of handling non-rigid deformations in 
complex topologies through a landmark-free approach (Lui et al., 2010; Yeo et al, 2010). One 
such approach based on Ricci flow, first introduced in differential geometry by Hamilton (1988), 
is a powerful curvature flow method in geometric analysis. It operates by deforming the Rie-
mannian metric of the manifold (surface) such that the curvature evolves according to a heat 
diffusion process. Eventually, the deformed metric results in a uniformization where the cur-
vature is constant everywhere on the manifold. This produces a conformal deformation of 
shapes to one of three canonical domains (ℝ, ॺ, ℍ), thereby transferring shape analysis prob-
lems from a 3D domain to 2D. Cylindrical projection has been used in studies of hominoid long 
bones (Naoki, 2012). However, this projection method does not produce point-to-point homol-
ogy. Conformal mapping of the proximal femur as yet has not been applied for 3D feature 
studies.  
2.3.2 Ricci-flow based conformal parameterization 
This section will briefly introduce the motivation behind Ricci-flow and the terms and definitions 
critical to understand this concept. The text has been summated from various works of 
Xianfeng Gu and colleagues (Gu et al., 2004, Zeng et al., 2008, Yang et al., 2009; Zeng et al., 
2010) which contain algorithmic details. For the theoretical development and necessary proofs, 
being beyond the scope of this thesis, the readers are referred to the books by Chow & Knopf 
(2004) and Zeng & Gu (2013). 
Any surface in the Euclidean space is characterised by – topology, Riemannian metric and 
embedding. Topology of the surface is described by the Euler characteristic, which can be 
calculated for a closed surface ܵ of genus ܩ௦ (intuitively determined by the number of ‘handles’) 
as 
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Definition – Riemannian metric: For a surface ܵ, the Riemannian metric is a tensor ࢍ =
 ൫݃௜௝൯ which is positive definite and defines an inner product for the tangent space of ܵ. 
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Riemannian metric defines measures such as angles and lengths of tangent vectors through 
the first fundamental form. For two tangent vectors ܞଵand ܞଶon the tangent plane at a point 
݌ ∈ ܵ (in terms of local coordinates (ݔ, ݕ)), the inner product is defined as 
〈ܞଵ, ܞଶ〉௚ = ෍ ݃௜௝݀ݔ௜݀ݕ௝
௜௝
 
And the angle between the two vectors measured by ܏ is given by 
ߠ௚ = cosିଵ
〈ܞଵ, ܞଶ〉௚
ඥ〈ܞଵ, ܞଵ〉௚〈ܞଶ, ܞଶ〉௚
 
The second fundamental form describes the embedding of the surface in the Euclidean space. 
The first and second fundamental forms together determine surface uniquely up to rotation 
and translation in܀ଷ. The Gaussian curvature of a surface at a point, measures the proximity 
of its neighbourhood to a plane (i.e. zero curvature). It is determined by the Riemannian metric, 
is independent of its embedding in space, and constrained by the surface topology. 
Definition – Gauss-Bonnet: The total curvature of a metric surface (ܵ, ࢍ) is given by its Euler 
number ߯(ܵ) 
2 ( )g gS SKdA k ds S    
In parameterization, the surface is mapped onto to a canonical domain. When the target do-
main is planar, it is equivalent to finding the Riemannian metric that induces 0 Gaussian cur-
vature over the entire surface. In Ricci-flow, the Gaussian curvatures are modified through 
scaling of the Riemannian metric.  
Definition – Conformal deformation: Two Riemannian metrics on ܵ are conformal, if there 
is a function defined on the surface ݑ: ܵ → ℝsuch that ܏ത = ݁ଶ௨܏, where ݑ is called the confor-
mal factor 
It can be shown that for the two conformal metrics, the angles remain constant for tangent 
vectors defined at the point such that ߠ௚ = ߠ௚ത. If the surface metric ܏ is conformal to the Eu-
clidean metric ݀ݔଶ + ݀ݕଶ, then they are called isothermal coordinates.  
Definition – Gaussian curvature: Let ܵ be a surface with a Riemannian metric ܏ and (ݔ, ݕ) 
be isothermal coordinates of ܵ, then the Gaussian curvature is defined as (ݔ, ݕ) =△௚ ݑ(ݔ, ݕ) , 
where △௚=
ଵ
௘మೠ(ೣ,೤)
ቀ డ
మ
డ௫మ
+ డ
మ
డ௬మ
ቁ is the Laplace-Beltrami operator induced by the original metric 
܏ 
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Thus, when the metric of  ܵ is changed from ܏to ܏ത = ݁ଶ௨܏, the Gaussian curvature ݇ of the 
interior points changes to ݇ and to ത݇డௌ  for boundary points.  
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Here ܖ is the normal to the boundary of the surface (߲ܵ). While locally the curvatures are 
determined by the deforming metric, the total curvature of the surface ܵ is determined by its 
topology and holds the Gauss-Bonnet theorem. Thus, the metric at each point is locally scaled 
according to a factor determined by the existing curvature at that point. This process is per-
formed iteratively to evolve the metric, and consequently the curvature evolves as a heat dif-
fusion process   
2d k
dt
 g g  
 
Definition – Uniformization theorem: Let (ܵ, ࢍ) be a compact 2D surface with a Riemannian 
metric ܏, then there exists a conformal metric ܏ത which induces constant Gaussian curvature 
everywhere according to ߯(ܵ); the constant is one of {+1, 0, -1}. While there are an infinite 
number of conformal metrics ܏ത, the metric that induces constant curvature is unique. 
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3 Material and Methods 
The material for each publication and the methods used and developed are summarised in 
Figure 12. 
 
Figure 12 A summary of the material for each publication and the corresponding methods used. Features analysed 
as proxies for bone strength are listed for each publication. 
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3.1 Study material 
A group of 111 subjects were chosen in order to study the geometry of their proximal femora 
(Table 2) (Nikander et al., 2005; Nikander et al., 2009). The study subjects consist of 91 female 
athletes and 20 active non-athlete females. The athletes, actively competing at the national 
and international level, were recruited through their respective associations and clubs. They 
competed in sports representing differing loading patterns: 10 high-jumpers, 9 triple-jumpers, 
9 soccer players, 10 squash players, 17 power-lifters, 18 endurance runners, and 18 
swimmers. Loading history was established by considering both typical sport performance as 
well as the typical training form. The non-athletes were age matched students recruited from 
nearby medical and nursing schools. The non-athletes did not practice any sport at a 
competitive level and were only involved in recreational physical activity two to three times a 
week. All the study participants were asked about potential factors affecting bone metabolism, 
such as medications, diseases, menstrual status, use of hormonal contraceptives, calcium 
intake, alcohol, tobacco, and coffee consumption, as well as their history of previous injuries 
and fractures. The study protocol was approved by the Ethics Committee of Pirkanmaa District 
Hospital, and each participant gave her written informed consent prior to the measurements. 
3.1.1 Image data 
All study subjects had their hip and proximal thigh anatomy (dominant leg) imaged in a 
Magnetic Resonance (MR) device (1.5T Avanto Syngo MR B15, Siemens, Erlangen, 
Germany). The tomographic image data, also called image volume, for each subject consists 
of a 3D stack of contiguous 2D cross-sectional images. The 3D MR image acquisition 
protocols were such that the anatomy of the proximal half of the femur was scanned in two 
separate volumes (with slight overlap): femoral head (pixel size: 0.9115 x 0.9115mm; slice 
thickness: 1mm) and proximal shaft (pixel size: 0.8125 x 0.8125mm; slice thickness: 3mm). 
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Table 2 Descriptive statistics of all 111 subjects in the study data. 
 
High-impact (HI) Odd-impact (OI) 
High-
magnitude 
(HM) 
Repetitive low 
impact (RI) 
Repetitive 
non impact 
(RNI) 
Non-athletic 
reference 
 
High jump Triple jump Football Squash Powerlifting 
Endurance 
running 
Swimming Non-athletes 
N 10 9 9 10 17 18 18 20 
Age (years) 22 ± 4 23 ± 4 21 ± 3 29 ± 7 28 ± 6 29 ± 6 20 ± 2 24 ± 4 
Height (cms) 178 ± 4 170 ± 4 162 ± 5 168 ± 9 158 ± 3 168 ± 5 173 ± 5 164 ± 5 
Weight (kg) 60 ± 5 60 ± 6 58 ± 7 64 ± 9 63 ± 13 54 ± 3 65 ± 6 60 ± 7 
Sport specific training 
(hrs/week) 
11 ± 3 12 ± 2 11 ± 1 8 ± 3 9 ± 3 11 ± 3 20 ± 4 3 ± 1 
Competitive career (years) 11 ± 4 10 ± 3 9 ± 3 10 ± 6 8 ± 5 12 ± 7 9 ± 3 
 
Bi-iliac breadth (mm) 290 ± 15 266 ± 22 263 ± 12 265 ± 15 259 ± 21 273 ± 16 282 ± 16 274 ± 12 
Femoral head height (mm) 46 ± 2 43 ± 2 42 ± 1 42 ± 3 41 ± 2 43 ± 1 44 ± 2 42 ± 2 
Femoral head-neck length 
(mm) 
97 ± 3 91 ± 4 89 ± 5 92 ± 6 86 ± 4 91 ± 4 93 ± 5 91 ± 4 
Isometric leg press (kg) 182 ± 44 203 ± 39 184 ± 26 195 ± 48 226 ± 39 170 ± 46 177 ± 39 145 ± 25 
Dynamic strength (kg) 1712 ± 317 2277 ± 652 1643 ± 302 1634 ± 356 1730 ± 329 1436 ± 315 1617 ± 185 1450 ± 199 
Counter movement jump 
(W/kg) 
51.5 ± 6.0 
 
43.2 ± 4.8 
 
46.6 ± 6.8 38.3 ± 5.2 42.8 ± 4.5 36.5 ± 3.8 
Figure-8 running (s) 11.3 ± 0.4 
 
11.6 ± 0.6 
 
12.5 ± 0.8 12.1 ± 0.5 12.0 ± 0.5 13.1 ± 0.6 
Fat % 20 ± 4 
 
25 ± 6 
 
28 ± 7 14 ± 4 25 ± 5 32 ± 6 
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The femoral head volume extends from the femoral caput to the sub-trochanteric region of the 
shaft, with the imaging plane oriented axially to the oblique femoral neck axis.  The axis was 
determined by the physicist through scout images. The proximal shaft volume extends distally 
210-240mms from the trochanteric region, with the imaging plane oriented perpendicularly to 
the length of the supine subject. All image volumes were acquired in a single session with the 
subject maintaining pose within the MRI instrument. (Figure 13) 
 
Figure 13 The grayscale images from the tomographic data of the 2 sub-volumes (femoral head and proximal 
shaft).The blue arrow indiactes the z direction embedded in the DICOM images. The labelled femur contained in 
each of the subvolumes is voxel rendered to illustrate the extent of the anatomy contained.  
The cortical bone in these two anatomical sections was individually segmented from the 
respective image volumes. The segmentation was performed manually by labelling the bone 
region in the images, between periosteal and endocortical boundaries of the cortical bone, 
using a touch panel (Wacom Tablet Cintiq 12WX, Wacom Technology Corp., Vancouver, WA, 
USA) with the ITK-snap software tool (Yushkevich et al., 2006). The orientations of the 
segmented volumes were aligned in Avizo (VSG/FEI, Mérignac Cedex, France) by using the 
global coordinate system information in the DICOM files of the image datasets. Subsequently, 
all 111 segmented femora were made anatomically consistent by mirroring the left femur 
(about the sagittal plane) to mimic the right. 
3.1.2 Surface meshes 
The segmented bone geometries were imported into Avizo as label volumes to generate sur-
face meshes through an inbuilt module (Hege et al., 1997). The shaft end of the volume was 
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left open resulting in a boundary. The resulting raw mesh contained a very high number of 
nodes and faces (~1,000,000 faces). The surface meshes were decimated (~50k faces) and 
smoothed in MeshLab (Visual Computing Lab–ISTI–CNR, http://meshlab.sourceforge.net/) 
through quadric error metric based surface simplification (Garland & Heckbert, 1997) and the 
Taubin algorithm (Taubin, 1995). Subsequently, the meshes were remeshed for isotropic ver-
tex placement through the method implemented in Avizo (Zilske et al., 2008). This method 
strives to achieve meshes with triangles with equilateral sides. This produces a relatively reg-
ular sampling over the surface area. Where surfaces were required to be reconstructed from 
point clouds without modifying the positions, they were sampled using Poisson disk sampling 
(Corsini et al, 2012).  
3.2 Cross-sectional analysis (2D) 
Five different locations in the proximal femur were identified as anatomically significant for 
studying cross-sectional morphological features. These sites, along the femoral neck and the 
proximal diaphysis, were: narrowest femoral neck, distal femoral neck, lesser trochanter, sub-
trochanter and mid-shaft (Figure12). The narrowest FN site is defined as the cross-section 
along the femoral neck region with the smallest cross-sectional area. DistalFN site is defined 
at the location corresponding to the insertion of the articulation capsule. The lesser trochanter 
site was defined by the maximal protrusion of the trochanteric process (i.e. tip of lesser tro-
chanter). The corresponding cross-section was selected from the femoral head volume. De-
tails regarding the selection procedure for these 2 sites can be found in Publication 1. The 
sub-trochanter cross-section was determined by tracing the location commonly used for oste-
ometric measurements of proximal femur shaft diameter (Wescott, 2005). The location was 
determined by identifying a site where the medial neck-shaft junction and lesser trochanter 
curvature were no longer visible, while in all the subjects the locations should be within about 
1-2cm below the maximum lesser trochanter transverse width. The mid-shaft site is defined in 
literature as the standardized cross-section observed at 50% of femur length for maximum 
length, physiological length or biomechanical length (Ruff and Hayes, 1983; Davies and Stock, 
2014; Mongle et al., 2015). Due to the absence of the distal diaphysis in the image volume, 
the mid-shaft site was estimated based on projected femur lengths for each subject. Thus, the 
physiological femur length (Martin and Saller, 1957) was regressed from stature using its sim-
ilarity to the anthropometric measurement of femur length (Montagu, 1960). It should be noted 
that cross-sections standardized to physiological femur length are located more proximally, 
compared to cross-sections standardized to maximum length and biomechanical length (Ruff 
and Hayes, 1983; Mongle et al., 2015). The relationship between physiological femur length 
and stature was based on a sample of modern Finnish females (age 18-25, N=85). The cal-
culated half-length measurement was offset from the location of the greater trochanter to ob-
tain the location of the appropriate cross-section. As the greater trochanter and the mid-shaft 
41 
 
regions are in the two separate image data volumes, it was necessary to position the two 
volumes in a common coordinate space. The labelled volumes were thus imported into an 
image processing and analysis software tool, Avizo. The 3D visualization of this composite 
was used in extracting the 50% location of the shaft with respect to the superior apex of the 
greater trochanter. Details regarding the selection procedure for the 3 sites can be found in 
Paper 2. 
In Publication 1, the cross-sections at the 2 sites located along the femoral neck were analysed 
for cortical thickness, curvature and buckling ratio. These parameters were calculated along 
the length of the periosteal contours. The contour was sampled with respect to the polar co-
ordinate angles with respect to the geometric centroid (360o = 360 points). Thus, the spatial 
localization along the contour of the cross-section is increased beyond the large anatomical 
sectors commonly used (e.g. octants: Nikander et al., 2007). In Publication 2, the parameters 
calculated for the 2 cross-sections in the metaphysis and the mid-shaft were bulk cross-sec-
tional such as: cortical area, moments of inertia, bone shape ratio and theta. Four moments 
of inertia were calculated: i) about medio-lateral axis in the antero-posterior plane (ܫ௫); ii) about 
the antero-posterior axis in the medio-lateral plane (ܫ௬); iii) about the minimum cross-sectional 
diameter (ܫ௠௜௡); iv) about the maximum cross-sectional diameter (ܫ௠௔௫). The torsional moment 
(ܬ) is derived from either of the orthogonal bending moment pairs (ܫ௫ + ܫ௬ or ܫ௠௜௡ + ܫ௠௔௫). Sim-
ilarly, the bone shape ratio was derived from the bending moments (ܫ௫ , ܫ௬), describing the 
circularity of the cross-section. The theta angle (ߠ) describes the orientation of the greatest 
bending rigidity (∠ܫ௠௔௫, ܫ௫).  
3.3 3D simulation (octant analysis) 
The proximal femur structure of all the 111 subjects was simulated under a mechanical loading 
condition to mimic a lateral fall. The mesh modelling procedure started with preparation of the 
periosteal and endosteal surface meshes for mesh quality, which were combined into a single 
closed surface. Subsequently, they were converted into solid bodies in SolidWorks (Solid-
Works Corp., Waltham, MA, USA). Each of the solid bodies was imported into ANSYS (AN-
SYS Inc., Houston, PA, USA) for volume meshing and setting up the simulation model. The 
final meshed bodies consisted of 10-node tetrahedral finite elements for both materials (corti-
cal and trabecular bone). The femoral neck region was defined in the ANSYS environment 
and boundary conditions were applied. After a sensitivity analysis for mesh size, a 1mm mesh 
element size was implemented for all individual parts of the model assembly. The cortical and 
trabecular bones were modelled as homogeneous isotropic, linear elastic materials. The inci-
dent loads in the simulation were setup to closely reflect the condition when a subject falls on 
her side and slightly towards the back. To simulate the force directions resulting from such a 
fall, the femoral shaft was tilted 10° with respect to the ground and the femoral neck was 
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internally rotated by 15°. The impact load applied in this direction was calculated by (Bouxsein 
et al., 2007), 
ܨ௣௘௔௞ = ට2݃ℎ௖௚ܭܯ 
where g is the gravitational constant (9.81 m/s2), hcg is the height of the center of gravity of the 
body assumed as 0.51 × height (m), K is the stiffness constant (71 kN/m), and M is the effec-
tive mass calculated by (7/20 × total body mass). 
The induced von Mises stresses were analysed in the femoral neck region. For each subject, 
this region was consistently defined to be between the head-neck junction and the inter-tro-
chanteric line. Spatial heterogeneity of the stresses in this region of interest was achieved by 
dividing it into 3 sections (proximal, middle, distal) and octants within each section (superior, 
supero-posterior, posterior, infero-posterior, inferior, infero-anterior, anterior, supero-anterior). 
The octant division was performed with respect to the femoral axis which was defined as the 
line between the geometric centres of the femoral head and the thinnest cross-section of the 
neck. The procedure followed for the modelling, simulation and selection of neck region is 
detailed in Publication 3.   
3.4 Regional surface analysis (3D) 
The cortical thickness distribution over the entire proximal femur was analysed without limiting 
the locations to designated cross sections and predefined regions/sectors. The geometric pa-
rameters studied were cortical thickness and surface von Mises stresses. The femoral surface 
data was obtained from the volume mesh models constructed in Publication 3. Cortical thick-
ness was calculated as the minimum distance from the periosteal to the endosteal surface. 
The stress values at the surface nodes (periosteal) of the volume mesh were extracted from 
the simulation results. To facilitate this analysis, a procedural chain was implemented to ena-
ble the calculation, analysis and visualization of the relevant features over the entire surface 
of the anatomy. Based on the surface meshes, the major tasks involved establishing corre-
spondence between individual shape instances and statistical analysis of distributed features. 
In order to achieve correspondence between the shapes, the surface meshes were trans-
formed from their 3D domain to a 2D planar domain. This transformation, called parameteri-
zation, was performed through an angle preserving conformal mapping method.  
3.4.1 Surface parameterization: Ricci-flow based conformal mapping 
The Ricci-flow theory for smooth surfaces was developed for discrete surfaces by Chow and 
Luo (2003) and a computational algorithm was introduced by Jin and colleagues (Jin et al., 
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2008). The most common method for discrete representation of surfaces is through approxi-
mation by piecewise linear triangular meshes. A mesh ܯ(ܸ, ܧ, ܨ), also called a simplical com-
plex, is composed of a set of vertices ܸ, edges ܧ and faces ܨ. Within these sets – the ith vertex 
is denoted by ݒ௜, an edge between ݒ௜and ݒ௝ by ݁௜௝ = [ݒ௜ݒ௝] and the face formed by the ith, jth 
and kth vertices by ௜݂௝௞ ∈ [ݒ௜ݒ௝ݒ௞].  
Background geometry: Let ܯ be a 2D simplical complex with a discrete metric. If each face 
of ܯ is a triangle in the Euclidean plane, then the mesh is with Euclidean ॱଶbackground ge-
ometry. 
The topology of the surface meshes of the femur in this study can be described as simply 
connected open surfaces (genus 0). The single boundary is located anatomically at the prox-
imal section of the femoral shaft. The discrete equivalents for the characterisation of surface 
meshes (in ॱଶ) are:  
i. Topology: determined by the connectivity of the mesh contained in the set of faces ܨ 
ii. Riemannian metric: edge lengths ݈௜௝ of edges in ܧ 
iii. Embedding: dihedral angles at the edge ݁௜௝ 
Discrete Riemannian metric: A discrete metric on M is a function :l E   such that on 
each face ௜݂௝௞ ∈ [ݒ௜ݒ௝ݒ௞], the triangle inequality holds ݈௜௝ < ௝݈௞ + ݈௜௞. The metric determines the 
corner angles at every vertex of the triangle through the cosine law 
2 2 2
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Discrete Gaussian Curvature: Suppose M is a mesh with a discrete metric in Euclidean 
background geometry, ॱଶ. ൣݒ௜ݒ௝ݒ௞൧ is a face in M and 
jk
i  represents the corner angle at ݒ௜ 
on the face. The discrete Gaussian curvature of iv is defined as  
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Thus, the curvature at the interior vertices ݒ௜ is the difference of the sum of incident angles 
and the plane (2ߨ). Curvature at the boundary vertices calculates the difference with respect 
to a line (ߨ). The topology of the mesh constrains the total Gaussian curvature 
 2 ( )i
i
K M  
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The metric is deformed in an angle preserving manner evolving to a flat metric that induces 
zero Gaussian curvature. The key to translating the conformal diffusion process from smooth 
surfaces to discrete surfaces is the circle packing metric (Thurston, 1980). Introduced by 
Thurston, it associates each vertex of the mesh with a circle of finite radius. The two circles 
on an edge between two vertices can interact in the following ways–  
i. The two circles intersect each other such that the intersection angle φij is acute (An-
dreev-Thurston circle packing) 
ii. The two circles are disjoint (Inversive distance circle packing) 
It implements the notion of the conformal deformation of the Riemannian metric by locally 
transforming an infinitesimal circle to an infinitesimal circle. Additionally, it preserves the inter-
section angles between two infinitesimal circles ܿ௜ and ௝ܿ (neighbouring on edge݁௜௝). Tradi-
tional circle packing metric requires the intersection angles between circles to be acute for a 
unique solution (Chow and Luo, 2003). To relax this restriction, a generalised circle packing 
scheme was developed (Yang et al., 2009). It guarantees the existence of a circle packing for 
an arbitrary triangular mesh such that the induced Euclidean metric is consistent with the circle 
packing metric. This in turn guarantees high conformality in parameterization.   
Inversive distance: Suppose the length of edge ݁௜௝ between vertices ݒ௜ and ݒ௝ is ݈௜௝, the radii 
of ܿ௜ and ௝ܿ are ߛ௜ and ߛ௝ respectively, then the inversive distance between ܿ௜ and ௝ܿ  is given 
by, 
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Thus, a conformal deformation is effected by changing only the radii at each vertex, while 
preserving the inversive distance. The generalised circle packing metric is defined as,  
Generalised circle packing metric: Given a mesh M and a circle packing with an associated 
inversive distance ݈௜௝ defined on every edge݁௜௝, the edge length is given by 
 2 2 2ij i j ij i jl I       
Discrete Ricci flow: Given a mesh M with a circle packing metric G and non-negative inver-
sive distances I, the discrete Ricci flow is given by 
 i i i
du K K
dt
   
where ܭపഥ  is the user defined curvature at vertex ݒ௜, and ݑ௜ = log ߛ௜. 
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The implementation procedure for the proximal femur surfaces is detailed in a flowchart illus-
trated in Figure 14. In the numerical computation of the Ricci flow, the Newton method is used 
to improve the convergence speed. In this method, calculating the Hessian matrix is essential 
and is illustrated in Figure 15. The geometric interpretation of the Hessian matrix was pre-
sented by Yang et al. (Appendix, 2009). 
3.4.2 Shape correspondence 
After all femur surfaces are parameterised and embedded in the complex plane, their pose is 
rationalised by positioning the boundaries consistently in the coordinate plane. Consequently, 
each coordinate in the plane represents a corresponding location across the surfaces. A tem-
plate mesh was created based on a randomly selected surface from the data, whose param-
eterised mesh was modified into a rectangle. The template mesh was then registered to all 
111 parameterisations. In the resulting set of isotopological meshes, every node represents 
anatomically similar locations and as such the set of nodes in the mesh are treated as a dense 
set of landmarks. However, due to residual isotropic deformations between the native femur 
shapes, local improvements in matching were necessary. The details for template creation, 
matching and local improvements are detailed in Publication 4.  
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Figure 14 A flowchart summarising the procedure for the Ricci flow based 
registration of the proximal femur surface meshes.  
Algorithm 1 – Initial circle packing metric 
Input: Triangular mesh ܯin ℝଷ 
1. for every face ௜݂௝௞ = ൣݒ௜ , ݒ௝ , ݒ௞൧ ∈ ܯcalculateߛ௜
௝௞ = ௟೔ೕା௟ೖ೔ି௟ೕೖ
ଶ
 
2. for every vertexݒ௜ ∈ ܯcalculate radius:ߛ௜ = min௝௞ ߛ௜
௝௞  
3. for every edge݁௜௝ = ൣݒ௜ , ݒ௝൧calculate inversive distance: ܫ൫ݒ௜ , ݒ௝൯ =
௟೔ೕ
మ ିఊ೔
మିఊೕ
మ
ଶఊ೔ఊೕ
 
Algorithm 2 – Euclidean Ricci flow 
Input: Triangular meshܯ, target curvatureܭഥ, initial circle packing metric ܫ 
repeat 
1. for all edges݁௜௝calculate edge length: ݈௜௝ = ටߛ௜ଶ + ߛ௜ଶ + 2ܫ௜௝ߛ௜ߛ௝  
2. for all faces ௜݂௝௞ calculate corner angles {ߠ௜ , ߠ௝ , ߠ௞}  using ॱଶ cosine laws:  
ߠ௜ = cosିଵ
௝݈
ଶ + ݈௞ଶ − ݈௜ଶ
2 ௝݈݈௞
 
3. for all faces ௜݂௝௞ , calculate Hessian matrix entries as (Figure 15): 
డఏ೔
డ௨ೕ
= డఏ೔
డ௨ೕ
= ௛ೖ
௟ೖ
 , డఏ೔
డ௨೔
= − ൬డఏ೔
డ௨ೕ
+ డఏ೔
డ௨ೖ
൰ 
4. Solve linear system: ܪߜܝ = ܭഥ − ܭ 
5. Update conformal factor: ܝ ← ܝ + ߜܝ 
6. Calculate Gaussian curvatureܭ௜ for everyݒ௜: ܭ௜ = ൝
2ߨ − ∑ ߠ௜
௝௞ ,       ݒ௜ ∉ ߲ܯ௝௞
ߨ − ∑ ߠ௜
௝௞ ,       ݒ௜ ∈ ߲ܯ௝௞
 
untilmax
௩೔∈ெ
|ܭపഥ − ܭ௜| < ߝ  (= 0.000001) 
Algorithm 3 – Embedding 
1. Slice M along cut graph 
2. Embed randomly selected seed face ଴݂ଵଶ : [߬(ݒ଴), ߬(ݒଵ), ߬(ݒଶ)] ≡
[(0,0), (0, ݈଴ଵ), ݈଴ଶ(ܿ݋ݏߠ଴ଵଶ , ݏ݅݊ߠ଴ଵଶ)] 
3. Put all neighbouring faces in queue 
while queue ≠ [] do 
4. select first face from queue 
5. find intersection of circles: {߬ଵ(ݒ௞), ߬ଶ(ݒ௞)} = (߬(ݒ௜), ݈௜௞) ∩ ൫߬൫ݒ௝൯, ௝݈௞൯, where 
ݒ௜ , ݒ௝  are pre-embedded 
6. ߬(ݒ௞) chosen to keep face orientation consistent 
7. remove current face from queue and append new non-queued neighbouring faces  
end while 
Parameterize mesh to disk 
ܯ(ܸ, ܧ, ܨ) → ܯ஽௜௦௞(ܸ, ܧ, ܨ)with free 
boundary condition on the single 
boundary ଵ߲ܯ 
Detect feature points (FH and GT) based 
on the conformal factor of vertices in the 
disk embedded in ℝଶ 
Introduce artificial boundary (߲ଶܯ) in 
mesh ܯ along the shortest path between 
feature points (calculated on ܯ஽௜௦௞) .  
Parameterize to annulus and embed in 
complex plane 
 ܯ(ܸ, ܧ, ܨ) → ܯ஺௡௡௨௟௨௦(ܸ, ܧ, ܨ) 
2D correspondence between template 
mesh and all 111 parametric planes in 
common coordinate frame. 
Transform (rigid) parametric mesh em-
bedded in complex plane ℂ  to align 
߲ଶܯ  along the imaginary axis and 
scaled between [0,2ߨ] 
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Figure 15 An illustration of the construction of the Hessian matrix from triangular meshes (here, 2 faces and 
4 vertices). O1 and O2 are the power centres of the respective faces. 
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4 Results 
 
The proximal femur morphology of the athletes was studied through distribution of differ-
ent mechanically relevant features. Acting as proxies of bone strength, they are extracted 
either in 2 or 3 dimensions (i.e. cross-sections or volumes). The analyses included cross-
sectional studies at 5 anatomical locations, 3D feature distribution and 3D finite element 
simulation. The general trend in the results is that the impact loading groups consistently 
show significantly greater feature magnitudes. However, the moderate to low impact 
group (endurance runners) do show significant differences in shape parameters, which 
is most clearly seen in the response under fall related loading simulations.  
4.1 Methodological 
The major methodological result is the procedural development for establishing corre-
spondence between the proximal femur surfaces. The implemented MATLAB script ac-
cepts a stack of proximal femur surfaces and outputs the parameterisations in a common 
coordinate frame. The implemented script is made available at GitHub 
(https://github.com/NathanielNarra/Femur-RicciFlow). In its current form, it handles sur-
faces with a single boundary at the shaft end. It only requires the presence of epiphysis 
in the data, with the shaft-end boundary distal to the lesser trochanter process. The ex-
traction of the cortical surface from the segmented image volume resulted in a genus 0 
topology with one boundary. Thus, it is a simply connected open surface, where the 
mesh boundary is in the sub-trochanteric region of the proximal shaft. This boundary is 
designated as an inconsistent boundary, as it does not correspond anatomically across 
the subjects. The introduction of a consistent boundary along the 2 features in the da-
taset (FH-GT path) enabled comparison across all 111 parametric planes embedded in 
the complex plane. The method employed to detect each of the representative feature 
points, based on the conformal factor of the disk parameterization, was able to detect 
the features correctly in most cases. Exceptions were observed when there was pro-
nounced concavity of the trochanteric fossa (proximal to the GT) and were handled man-
ually. The conformal method automatically removed all scale and isometric variations 
between the femur instances. However, non-isometric variations were most clearly ob-
served as differences in the relative positions of the major features in the embedded 
parametric plane. The correspondence between the template mesh and each parame-
terized subject mesh was locally tuned.  
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4.2 Physiological 
The group-wise distribution of the unadjusted cortical thickness calculated over the 3D 
surface is illustrated in Figure 16. The surface on which the parameters are mapped 
represents the mean shape obtained from the conformal mapping based registration of 
the 111 surface meshes. The differences in the mean thickness at each node are calcu-
lated with respect to the control group. Details of the statistical significance of these dif-
ferences and their spatial distribution can be found in publication 4. 
The anatomically significant femoral neck region was studied under unphysiological 
loading conditions that simulate a sideways fall. The distribution of the stresses in this 
region was studied in two ways: volume aggregates within anatomically defined octants 
and surface stress distribution. Figure 17, summarising the results of Publication 3, illus-
trates the octants with significantly lower von Mises stresses when compared to the con-
trol group. The RI group shows the most extensive coverage of significantly lower octant 
stresses in all octants, except the superior octant in the distal site. The percentage dif-
ferences in these octants were within the range of 12.3% - 22.6%. Significantly, in the 
supero-posterior and posterior regions the differences were ~20%. The HI group shows 
a comparatively limited span, a majority of which is consistent across the three sites. The 
percentage differences in these octants were within the range of 9% - 32.2%. The largest 
differences were observed in the inferior neck region >16.6%. The OI group exhibits 
varying spans across the three sites with all octants in the middle site except infero-
posterior showing significance. The percentage differences in these octants were within 
the range of 11.5% - 17.2%. The HM group showed significance in only a couple of 
octants in the proximal and middle sites with no significance observed in the distal site. 
The percentage differences in these octants were within the range of 11.7% - 15.7%. 
The results of the surface mapping of the surface von Mises stresses revealed patterns 
over the entire proximal femur surface. Detailed graphs of statistical tests on octant 
stresses and illustrations of statistically significant surface regions of cortical thickness 
can be found in Publications 3 & 4 respectively. 
The group-wise descriptive statistics of cross-sectional parameters at the 5 specific an-
atomical sites are presented in Table 3. The table entries are compiled from the results 
of Publications 1 and 2. The statistical inferences for area ratio (cortical/total) parameter 
are summarised in Figure 18. Results of statistical analyses for other parameters can be 
found in the respective publications. 
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Figure 16Cortical thickness maps for every exercise loading group illustrated on the average shape of all 
111 proximal femur surfaces. The displayed values for every athlete group (HI, OI, HM, RI and RNI) are the 
differences in the mean cortical thickness at every node from the control group. Consequently, they share 
the same colour-map as displayed for the High Impact group. The mean cortical thickness for the control 
group is displayed in a different colour-map. All values are in millimetres (mm). 
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Figure 17 Illustration summarising the results of Publication, 3 showing octants with a significant reduction 
in induced stresses in each exercise loading group in comparison to the control group. Adapted from the 
results of Publication 3. 
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Table 3 Bulk properties at 5 anatomically significant cross-sectional locations (Area’s in mm2, J in mm4, Theta in degrees) 
  
High-impact 
(HI) 
 Odd-impact 
(OI) 
 High-magni-
tude (HM) 
Repetitive low 
impact (RI) 
Repetitive 
non-impact 
(RNI) 
Non-athletic 
Controls 
  
High jump Triple jump Football Squash Powerlifting Endurance 
running 
Swimming Non-athletes 
Narrow 
femoral 
neck 
Total area  696 ± 120 
 
670 ± 95 
 
623 ± 130 668 ± 102 709 ± 110 640 ± 103 
Cortical Area 181 ± 38 
 
191 ± 31 
 
159 ± 38 172 ± 38 174 ± 37 158 ± 31 
Ratio (CA/TA) 0.26 ± 0.05 
 
0.29 ± 0.06 
 
0.26 ± 0.05 0.26 ± 0.04 0.25 ± 0.04 0.25 ± 0.03 
Circularity 0.93 ± 0.02 
 
0.93 ± 0.02 
 
0.92 ± 0.02 0.94 ± 0.02 0.91 ± 0.03 0.92 ± 0.02 
Distal fem-
oral neck 
Total area  720 ± 106 
 
665 ± 101 
 
622 ± 124 690 ± 83 731 ± 121 661 ± 95 
Cortical Area 188 ± 24 
 
170 ± 23 
 
138 ± 15 146 ± 17 159 ± 31 149 ± 29 
Ratio (CA/TA) 0.27 ± 0.05 
 
0.26 ± 0.06 
 
0.23 ± 0.03 0.21 ± 0.03 0.22 ± 0.03 0.23 ± 0.03 
Circularity 0.88 ± 0.04 
 
0.89 ± 0.03 
 
0.90 ± 0.03 0.88 ± 0.04 0.88 ± 0.04 0.88 ± 0.03 
Lesser tro-
chanter 
Cortical area 360 ± 49 395 ± 45 341 ± 66 346 ± 47 295 ± 39 301 ± 40 301 ± 37 281 ± 42 
J 94015 ± 22039 93161 ± 9897 80978 ± 13618 90038 ± 24252 72257 ± 16642 79115 ± 17563 76665 ± 14130 68990 ± 18064 
Theta 0.5 ± 24.6 4.2 ± 23.3 4.2 ± 14.7 7.0 ± 13.9 2.4 ± 16.6 1.9 ± 16.6 2.7 ± 14.6 -2.6 ± 17.4 
Ratio 0.7 ± 0.3 0.7 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 
Sub-tro-
chanter 
Cortical area 384 ± 60 457 ± 43 382 ± 53 413 ± 50 356 ± 53 352 ± 41 353 ± 43 341 ± 47 
J 59657 ± 10676 57029 ± 9049 49945 ± 8625 56109 ± 15124 13551 ± 3084 14934 ± 3571 14371 ± 3041 13036 ± 2982 
Theta -11.0 ± 44.6 7.0 ± 47.3 26.3 ± 56.1 26.4 ± 52.6 48.4 ± 28.3 41.0 ± 34.8 22.6 ± 57.1 44.4 ± 32.8 
Ratio 1.0 ± 0.2 1.0 ± 0.2 1.1 ± 0.3 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 1.1 ± 0.2 
Mid-shaft Cortical area 452 ± 50 486 ± 47 420 ± 49 437 ± 59 360 ± 52 380 ± 40 357 ± 38 343 ± 41 
J 57256 ± 12682 55825 ± 10207 45756 ± 9206 48515 ± 12357 33624 ± 8845 41017 ± 8416 36687 ± 6072 33537 ± 8164 
Theta -54.1 ± 19.2 -31.3 ± 66.3 -52.0 ± 53.7 -66.9 ± 12.8 -51.1 ± 46.2 -66.7 ± 35.6 -33.9 ± 65.3 -33.9 ± 67.4 
Ratio 1.2 ± 0.3 1.3 ± 0.1 1.5 ± 0.3 1.3 ± 0.2 1.3 ± 0.2 1.5 ± 0.2 1.4 ± 0.3 1.5 ± 0.3 
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Figure 18 A summary of the statistical tests on area (cortical/total) ratios at all 5 cross-section locations 
studied in Publications 1 & 2. The plots show mean and 95% confidence intervals. Both loading groups (as 
in Publication 1) and sport groups (as in Publication 2) were analysed. Two loading groups consisted of 
combined sport groups: High impact: High jump (Hj) and Triple jump (Tj); Odd impact: Football (F) and 
Squash (Sq). The relational node graphs illustrate the result of post-hoc tests for exercise loading groups 
(left) and sports groups (right). Solid lines in the node-graphs indicate statistical significance (p<0.05) and 
dotted lines indicate a trend (p<0.08) between the groups. Bold node circles indicate significance with re-
spect to controls (p<0.05) and dotted circles indicate a trend (p<0.08).  
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5 Discussion 
The work compiled in this thesis seeks to develop methods to identify and localise the 
effects of habitual loading on proximal femur morphology. The core data upon which the 
hypotheses are tested and relationships explored are collected from tomographic images 
of professional female athletes. The sports that the young healthy female subjects are 
involved in represent established habitual loading patterns they are exposed to during 
their training and performance. The contrast is provided by age matched healthy females, 
who indulge in recreational exercise. Thus, the selected sports exhibit loading patterns 
either distinct from recreational activities (such as in high jump and triple jump), or ac-
centuated loading characteristics (in terms of number of repetitions, intensity or duration). 
Studies included in this compilation have investigated the association between loading 
groups and morphological parameters. These parameters are biomechanically relevant 
features (e.g. thickness, area, buckling ratio) extracted from the data, which act as prox-
ies for evaluating the strength of the bone. The publications can be broadly categorized 
as cross-sectional studies (Publications 1 & 2), FE simulation and analysis study (Publi-
cation 3) and 3D surface analysis study (Publication 4). They describe the bone at dif-
ferent levels of detail with the objective of increasing the spatial accuracy in the process 
of identifying significant focal regions in the proximal femur.  
5.1 Methodological 
In the quest to understand the cause and effect relationship at the proximal femur, meth-
ods strive to distinguish between study groups based on the distribution of biomechanical 
parameters. Classical cross-sectional parameters have served an important role in quan-
tifying the femoral bone characteristics by identifying anatomically significant cross-sec-
tions and extracting parameters. Some, such as area moments and buckling ratio, apply 
mechanical engineering concepts to gauge the mechanical competence. In the proximal 
femur, these cross-sections are aligned in a plane perpendicular to either the shaft or 
femoral neck axes. In some regions of the anatomy however, defining a consistent cross-
sectional plane is highly subjective, such as the inter-trochanteric region. Thus tradition-
ally, the femoral neck and the shaft (proximal diaphysis) have been the target regions for 
cross-sectional analyses (Publication 2). Studies have identified fracture susceptible re-
gions in the proximal femur (Brunner et al., 2003; Poole et al., 2017), which help focus 
on areas for analysis. The femoral neck especially is important as it at the greatest risk 
of fall related fractures (Mayhew et al., 2005; de Bakker et al., 2009; Reeve, 2017). Con-
sequently, even cross-sectional studies have been extended where identifying spatial 
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heterogeneity along the 2D contour is pursued (Bailey et al., 2010). Thus, through polar 
representation (Publication 1) of the distribution of cross-sectional features, it becomes 
possible to localise the sub-regions of significance and also identify their angular spans. 
With increasing data quality, the pursuit has naturally evolved towards higher resolution 
analyses. In such analyses, whether 2D or 3D, the foremost issue is that of anatomical 
correspondence. If parameters have to be compared across multiple femur instances, 
then it essential to ensure that the parameters are taken from similar locations. This 
involves mutually matching the femurs spatially, commonly referred to as registration. 
The popular method to study 3D morphology of the femur has been based on statistical 
shape (Cootes et al., 1995) and appearance (Edwards et al., 1998) models. These meth-
ods have been used extensively in understanding the major modes of shape variation 
between study groups. When combined with grayscales and image textures, SAM’s have 
been used to perform segmentation from image data. Such models have been used to 
also extrapolate 3D geometry/morphology based on sparse data such as 2D radiographs 
(Zheng and Schumann, 2009; Schumann et al., 2010; Väänänen et al., 2012; Blanc et 
al., 2012; Lindner et al., 2013). The femur shape models are commonly trained after 
establishing correspondence based on landmarks introduced either manually or auto-
matically. When not done manually, placing landmarks requires the detection of salient 
features and their support or through similarity measures (especially image data). The 
overall shape of the proximal femur is comparatively regular with a simple topology and 
consistent in the relative locations of most of the significant features. These similarities 
in shape make general registration of their pose a relatively simple task. This is in con-
trast to more complex and variable (inter-subject) anatomies such as the brain. However, 
unlike the brain which is feature rich, the femur is relatively sparse in features and thus 
achieving well founded anatomical correspondence can be challenging. The significant 
dissimilarities between femurs can exist either locally (shape variations) or globally (size 
of femur). The local variations can be observed as deviations between subjects in the 
length of the femoral neck, size of the femoral head, location of the lesser trochanter, 
prominence of the trochanteric processes, angulation of the neck and shaft axis.  
By using Ricci flow based conformal mapping which is invariant to rigid motion, scaling, 
isometric and conformal deformation, the surfaces were transformed into planar (2D) 
domains. The method is applicable to any arbitrary topology, though this work focuses 
on its application to genus 0 simply connected open surface. By converting the registra-
tion domain from 3D to 2D, the problem of handling anisotropic deformations is simplified. 
The advantages of conformal parameterisation accorded by the Ricci flow based curva-
ture flow method are the following (adapted from Zeng et al., 2010):  
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Generality: it can be implemented for arbitrary and complex topologies and produce 
one-to-one maps between surfaces. While topologically the femur data in this work are 
simple surfaces (genus 0, single boundary), the ability to produce one-to-one maps re-
sults in reliable and repeatable parameterizations.  
Dimension reduction: depending on the topology of the surface, it can be used to trans-
form it into one of 3 canonical domains (ℝଶ, ॺଶ, ℍଶ). Such a reduction of dimension can 
simplify the registration processes. As with most long bones of the body, the femur is a 
genus 0 surface. Thus, any femur surface can be parameterized to the Euclidean plane. 
Skull and vertebrae of the spinal column are examples of high genus surfaces (> 1). 
Flexibility: it can used to design the final map with user defined curvatures without losing 
stability as long as Gauss-Bonnet theorem is satisfied. Thus, it gives flexibility to assign 
different target curvature schemes and can result in convenient parametrizations of the 
surfaces. Due to the partial extent of the femur in the surface data, topologically they are 
equivalent to disks. However, by introducing artificial boundaries along geodesics (e.g. 
inter-feature path); the resulting parameterization can be computed to suit operator con-
venience.  
Discriminative power: conformal geometric invariants can be calculated to classify 
shapes. Methods calculating coordinates in the Teichmüller space have been used in 
the classification and registration of shapes (Zeng et al., 2010; Lam et al., 2014; Lam et 
al., 2015). With the femur data, by increasing the connectedness of the surfaces (i.e. 
increasing mesh boundaries), the conformal module (in Teichmüller space) can poten-
tially be used for shape indexing.  
Invariance: after parametrization to the canonical domains, elastic deformations that 
represent variations in the shape instances of the femur will be more proximal than evi-
dent in the 3D shapes. Certain anisotropic deformations such as the neck angle (if other 
axis lengths are kept constant) will be accounted for and the parametrization will result 
in a close registration. This greatly simplifies the algorithmic procedure for finding corre-
spondence. In Publication 4, this is observed as small local variations in position of the 
lesser trochanter and the head-neck junction.  
Robustness: importantly, Ricci flow is robust to resolution changes in the surface 
meshes. Thus, regardless of the triangulation (node number or connectivity), or in the 
presence of noise, the resulting parameterization is largely similar.  
Rigor: the mathematical foundation for both the smooth (Hamilton, 1988; Chow, 1991) 
and discrete (Chow and Luo, 2003) Ricci flow and convexity of Ricci energy has been 
established. 
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5.2 Physiological 
In Publication 1, the geometry at two significant cross-sections – at the narrowest neck 
and site of articular capsule attachment (distal neck) was studied. The geometry was 
studied as a function of the shape, buckling ratio and curvature. These parameters were 
used to recreate a group-wise mean cross-sectional geometry. The buckling ratio in HI 
group shows a significant decrease in the inferior region in both the locations. Combined 
with the mean periosteal contour, it is manifested as a significant increase in thickness 
in comparison to the controls. In the superior region of the narrow neck, an additional 
span of significant difference indicates an increase in the buckling ratio. This indicates 
that the increase in the thickness of the inferior cortex is coupled with a slight decrease 
in the supero-posterior thickness. The OI group also shows a significant decrease in the 
buckling ratio in the inferior region of the narrow neck and in the important superior region 
in the distal neck location. In addition, the distal neck cross-sectional shape differs sig-
nificantly from the controls resulting in a more circular contour. Similarly, the RI group 
shows significant differences in the shape signal, resulting in a more circular shape at 
the narrow neck. This significant change in the shape does not seem to result in a sig-
nificant improvement in the buckling ratio however. Interestingly, the buckling ratio signal 
in the superior region of the narrow neck reveals that most of the exercise groups have 
their values in the vicinity of the control group. It seems that in the superior quadrant the 
control subjects display a more beneficial buckling ratio though not sufficient to establish 
statistical significance. This trend is not observed in the distal neck location. The curva-
ture parameter was found to be unreliable due to its sensitivity to the calculation method 
and the resolution of the data. The method of representing the cross-sectional parame-
ters as distributed polar signals, aided in the localization of significances. Thus, spans of 
varying degrees could be identified without losing minor spans to predefined anatomical 
sectors (quadrants or octants). This assumes significance when considering that the 
proximal femur functions in a complex loading environment, which can induce regionally 
varying loading patterns (Aamodt et al. 1997; Kalmey & Lovejoy, 2002), where different 
regions within a cross-section can be under different loading regimes (tension, compres-
sion or shear). 
The study presented in Publication 2 studies the athlete data from the perspective of 
activity reconstruction. Thus, no a priori grouping was performed on the study subjects 
based on perceived loading similarities of the different sports activities. Instead, every 
sport activity was treated as a group, thereby ungrouping the HI (triple jump and high 
jump) and OI (squash and soccer) groups. Three locations –trochanter, sub-trochanter 
and mid shaft – were identified and the associated response in cross-sectional parame-
ters (CA, J, shape ratio and Theta) analysed. The parameter CA is a proxy for the axial 
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resistance of bone to tensile or compressive loads and torsional rigidity is described by 
J. Shape ratio describes the circularity of the cross-section and the theta angle describes 
the orientation of the greatest bending rigidity axis with respect to the medio-lateral axis. 
The parameters were additionally adjusted for size through a multi-factor size parameter 
vector. The results indicate a strong response in the triple jumpers. In terms of CA, they 
are significantly different from the powerlifters, endurance runners, swimmers and con-
trols at all 3 locations. For J, they consistently maintain significant difference from the 
swimmers and controls. Interestingly, at the sub-trochanter level, the triple jumpers also 
exhibit a significant difference in CA from the high jumpers. When following the trends 
within the CA and J parameters of the HI group, the triple jumpers and high jumpers 
consistently exhibited a noticeable separation (in residual values). This may indicate a 
justification for making a distinction between extreme impact (triple jump) and high im-
pact loading (high jump). In contrast, the OI group sports’ (soccer and squash) residual 
values were closer to each other, indicating a possible similarity in loading patterns rel-
evant for the studied cross-sections. The role of ground impact loading as a superior 
geometric adaptation stimulant was corroborated where the triple jumpers, squash and 
soccer players together accounted for the top response groups for CA and J at all 3 sites. 
Additionally, the insufficiency of swimming as a stimulus is confirmed at these 3 sites. 
Thus, CA and J can be viewed as relevant parameters in distinguishing between certain 
activities. However, shape ratio and theta angle were found to be unsuitable parameters 
for distinguishing between the various activities at these 3 sites. 
The cross-sectional analyses in studies of Publication 1 and 2 were by design limited to 
designated cross-sections. The anatomical sites were manually chosen to reflect ana-
tomical consistency across subjects. Analyses at these locations are useful for interpret-
ing site-specific significant differences in parameters and perhaps even indicative of re-
gional trends. Thus, regional (3D) analyses are invaluable in gathering a more complete 
understanding. In the study of the femoral neck region of this data, the work presented 
by Nikander et al. (2009) and Publication 1, was extended to evaluate the cortical bone 
distribution in terms of fracture risk.  Publication 3 presents a comprehensive FE simula-
tion study to analyse the behaviour of the bone under fall induced loading. The central 
theme was to understand if and how the various habitual loading regimes alter the sim-
ulated stress patterns in the adapted bone. Spatial resolution was defined within 3 sec-
tors of the neck (proximal, middle and distal) and the corresponding 3D octants in each 
of them. The results showed a large reduction in octant stresses in the exercise groups 
(except RNI) in the range of ~10-30%, in the octants where statistical significance could 
be inferred. The RI group presented the most interesting result as it exhibited consistently 
lower octant stresses in nearly all octants, at all sites. In the HI group, the thicker inferior 
cortex results in significantly large reductions in stresses at all 3 sites in the inferior, 
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infero-anterior and infero-posterior octants. The HI group however, is outperformed by 
the OI, HM and RI group in the superior and supero-posterior octants of the middle site. 
Importantly, all impact exercise groups showed significantly reduced stresses in the frac-
ture prone supero-posterior octant (Mayhew et al., 2005). Only the HM group did not 
return significance at the distal site, though a trend could be observed (p=0.07). Equally 
significantly, the superior octant at the distal site of all exercise groups was not statisti-
cally significant, with only the RI group showing a slight trend (p=0.08). In drawing par-
allels with the results of Publication 1, it should be noted that the middle site corresponds 
to the narrow neck cross-section in Publication 1. The significantly improved buckling 
ratio of the inferior cortex region in the HI group, and to a lesser extent OI group, coin-
cides with the observed octants. The significant shape deviation (circular cross-section) 
in the RI group buttresses the claim for its robustness based on curvature, as indicated 
by the large reduction of octant stresses at all sites.  Thus, the method of regional division 
of 3D point data and analysis enhances the ability to observe local effects in the femoral 
neck sub-anatomy. Though the analysis is based on the regional aggregation (octants) 
of features, it does present an incremental increase in resolution when compared to 
cross-sectional analyses. To further increase the spatial resolution of the analyses, a 
recently developed conformal mapping method was applied to the surface data (perios-
teal) extracted from the mesh model. In Publication 4, 3D distribution of the surface 
strains and cortical thickness was analysed.  For each parameter, a composite was con-
structed to visualise results where significant response regions are labelled to indicate 
responsible loading groups (either unique or combinations thereof). Thus, locations apart 
from femoral neck and the proximal diaphysis can be studied to identify focal regions 
that can be used to discriminate between loading groups. By avoiding predefined ana-
tomical sectors, the distribution patterns of significant parameters of varying spans can 
be identified. These patterns visualised as patches on the surface are thus not limited by 
the aggregating volume dimensions. Potentially the spatial resolution can be increased 
to match native data resolution. The method implemented shows the utility of extending 
FE based cohort studies in analysing simulation results. A natural extension would be 
studying the simulation results not merely at the surface nodes but to represent the un-
derlying volume. Additionally, any volume feature can be aggregated towards the surface 
nodes and analysed through statistical parametric mapping (Carballido-Gamio et al., 
2017). 
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5.3 Limitations 
The results presented in this thesis are derived from a single base image data. The native 
image resolution enforces limitations on the subsequent segmentation and mesh accu-
racy in delineating the cortical interfaces (Sievänen et al., 2007). While in the thicker 
cortices this is largely mitigated, it is possible that the subtle variations in the thinner 
cortices (e.g. femoral head, greater trochanter) may have been averaged out. The phys-
iological implications of the results should be inferred within the context of these limita-
tions – of data and methods. The specific limitations of the methods employed are dis-
cussed in their respective publications. In brief, some particular ones to note are the 
possible errors in aligning the cross-sections within their planes. Alignment is further 
complicated by the fact that the loading of the femur is entirely subjective, depending on 
the inbuilt kinetics of the person and developed preferences in stance and gait. Thus, 
misalignment is an inherent source of error. Another consideration is the physical rele-
vance of centroid referenced parameters, since they are influenced by the contour ge-
ometry. While this is a standardized practice and repeatable, perhaps calculations based 
on neutral axis are more relevant when considering mechanical function. It has been 
shown that the neutral axis does not necessarily pass through the centroid (Lieberman 
et al., 2004). Thus, estimating realistic neutral axes for cross-sections may help increase 
the physical relevance of derived parameters (Verner et al., 2016). An improvement in 
the reliability in the calculation of cortical thickness could be effected by implementing 
Laplace’s equation based calculations (Jones et al., 2000). However, the actual effect 
on the results in this work will somewhat be balanced by the resolution limits of the data 
itself. In terms of correspondence, evaluating the performance of Ricci flow based con-
formal mapping parameterizes surfaces in the complex plane thereby accounting for all 
isometric deformations between the surfaces. However, certain anisotropic deformations 
persist, that are perceptible with respect to discernible features. In this work, only the 
femoral head neck junction and lesser trochanter features are used to locally perform 
elastic registration. The use of RBF’s for this purpose was straightforward with empiri-
cally chosen parameters. This could potentially lead to residual mis-registration in re-
gions away from these 2 features (e.g. the trochanteric fossa). Schemes to improve the 
alignment of the parameterized planes would further enhance the establishment of cor-
respondence between the surfaces. The methods described in this thesis can help iso-
late and characterise regions that show statistically significant adaptive responses. The 
potential has been demonstrated with respect to cortical thickness and simulated 
stresses at the surface.   
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Conclusions 
Assessing the strength of bone and its relationship to inbuilt adaptive mechanisms, in 
context of physical activity, requires a multimodal approach. Broadly, this can be said to 
involve the material and morphological aspects of strength. The analyses in this thesis 
have explored the morphological variations made apparent by habitual loading in the 
proximal femora of young women. The assumption being that the observed morpholog-
ical patterns reflect specific geometric adaptation necessitated by the loading environ-
ment experienced during such activities (when contrasted with active controls). This the-
sis aims to provide tools and data for the systemic study and analyses of the proximal 
femur. Consequently, based on the results presented, and keeping the study parameters 
and limitations in mind, the following conclusions can be drawn:   
Methodological: the results show the utility of parameters calculated at each scale in 
discerning between habitual loading patterns. Importantly, the results demonstrate that 
the classical cross-sectional bulk parameters can be insufficient in assessing robustness. 
This is illustrated by the lack of any significant results for bulk parameters in the endur-
ance runners. However, their significant shape parameter hints towards the robustness 
evidenced in simulations under a lateral fall.  In keeping with recent trends in computa-
tional anatomy, performing 3D analyses provided focal regions of significance of varying 
spans. Unlike current methods in computational anatomy, the central task of anatomical 
correspondence is achieved by treating the femur as a 2-manifold in the topological 
space and computing conformal maps. This culminated in the development of a novel 
application of Ricci flow based surface parameterisation of the 3D surfaces into 2D pla-
nar surfaces. The inherent invariance of this method to large global and local defor-
mations can be used effectively in automating the correspondence procedure. It also 
shows promise in performing statistical parametric mapping of simulation results from 
FE studies, where the utility of the available mesh topology can be extended to multi 
sample analysis.  
Physiological: Activities that load the proximal femur through vigorous weight bearing 
(or ground impacts) either at high repetitions or high loading rates, seem to show the 
greatest strength response. In terms of strength proxy parameters, high and extreme 
impact activities (HI: triple jump and high jump; OI: squash and soccer) show the largest 
response. When comparing moderately loading activities, the loading rate can result in 
distinct distributions of morphological parameters. This is demonstrated by the differ-
ences observed between the powerlifters (HM) and endurance runners (RI). While pow-
erlifters indicated significantly increased cortical thickness in the superior neck region, 
the runners did not. However, under loads during a lateral fall the runners indicated a 
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comprehensively robust femoral neck, while in the powerlifters robustness was direction-
ally limited. In this regard, the runners seem to have even outperformed the high impact 
activities. Non-impact activities (RNI: swimming) did not indicate any geometric adapta-
tion to significantly differentiate from active controls. An interesting observation is that in 
certain cross-sections, there is a clear distinction between the high jumpers and triple 
jumpers, both of which are high impact activities. This illustrates that impact characteris-
tics in combination with differences in the pose of the femur during load incidence can 
locally alter the distribution of mechanical parameters.
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The aim of this study was to examine the association between different types of
exercise loading and femoral neck cross-sectional geometry. Our data comprised
proximal femur magnetic resonance (MR) images obtained from 91 female ath-
letes and their 20 age-matched controls. The athletes were categorized according
to typical training activity – high impact (high and triple jumping), odd impact
(racket and soccer playing), high magnitude (power lifting), repetitive low
impact (endurance running) and repetitive non-impact (swimming). Segmented
MR images at two locations, narrowest cross-section of the femoral neck (nar-
rowFN) and the cross-section at insertion of articular capsule (distalFN), were
investigated to detect between group differences in shape, curvature and buckling
ratio derived using image and signal analysis tools. The narrowFN results indi-
cated that the high-impact group had weaker antero-superior (33% larger buck-
ling ratio than controls) but stronger inferior weight-bearing region (32% smaller
than controls), while the odd-impact group had stronger superior, posterior and
anterior region (21% smaller buckling ratio than controls). The distalFN results
indicated that the high-impact group had stronger inferior region (37% smaller
buckling ratio), but the odd-impact group had stronger superior region (22%
smaller buckling ratio) than the controls. Overall, the results point towards odd-
impact exercise loading, with inherently varying directions of impact, associated
with more robust cross-sectional geometry along the femoral neck. In conclusion,
our one-dimensional polar treatment for geometrical traits and intuitive presenta-
tion of differences in trends between exercise groups and controls provides a basis
for analysis with high angular accuracy.
Introduction
Bone adapts to habitual loading. In his seminal work, Frost
discussed the relationship between externally applied load and
bone strengthening by postulating the Mechanostat theory
(Frost, 1987). Over the years, our understanding of this cru-
cial process of various stress features and consequent bone
adaptation has increased greatly (Duncan, 1995; Turner,
1998; Turner & Pavalko, 1998; Robling et al., 2006; Klein-Nu-
lend & Bakker, 2008). Concepts of structural mechanics from
engineering have been successfully applied to hypothesize and
explain the phenomena related to bone adaptation. Galileo’s
work in developing flexural theory along with later formuliza-
tion by Euler-Bernoulli is some of the earliest studies in this
field. Recently, Mayhew et al.(2005) stated that changes in the
geometrical structure of femoral neck, independent of osteo-
porosis, contribute significantly to bone fragility. By employ-
ing the beam theory, they contended that with normal
ageing, the loss of bending resistance is minimal, while the
risk of local buckling in the thinned cortices, particularly at
the superior region, increases manifold. This finding implies
that purely geometric parameters of the bone, such as asym-
metry, and their structural-mechanical implications have a sig-
nificant bearing on femoral neck integrity.
The effect of exercise in countering the influence of natural
ageing or endocrine changes on bone loss and deterioration
of bone structure is well established (Nikander et al., 2010b).
Recently, the association of different exercise-loading condi-
tions with cortical thickness in the femoral neck cross-section
(Nikander et al., 2009) and diaphyseal geometry of the
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weight-bearing tibia (Nikander et al., 2010a) have been inves-
tigated. These studies, among others (Bass et al., 2002; Daly &
Bass, 2006), illustrate that specific exercise loading can modu-
late the spatial distribution of cortical bone within the bone
cross-section.
Computed tomography (CT) and magnetic resonance (MR)
imaging, in various scales from macro to micro, are common
methods to assess different bone structural traits (Kazakia &
Majumdar, 2006; Manske et al., 2010; Griffith & Genant,
2011). Image processing and analysis, in turn, play an integral
role in these assessments. Model-based image analysis proce-
dures have been applied to study various anatomies as they
are particularly suited for handling the natural variation in
shape and structure (Barratt et al., 2008; Heimann & Meinzer,
2009; van de Giessen et al., 2010). Further, statistical models
can be used in representing a distribution of features in a
compact form and consequently used to observe any prevalent
patterns across categorized groups.
In this study, we investigated the cortical bone distribution
at two locations of the femoral neck cross-section by extract-
ing geometric parameters that have apparent biomechanical
bearing in terms of bone fragility, by combining various
image analysis tools and measures. Our goal was to present a
novel way to analyse bone cross-sections and the association
between specific exercise loading and the actual femoral neck
cross-sectional geometry using low resolution proximal femur
MR images from various groups of athletes. In particular, we
analysed the periosteal shape, cortical bone curvature and
buckling ratio of the femoral neck to reveal any distinct dif-
ferences between the exercise-loading groups and their
controls.
Material and methods
Participants
This study material consisted of proximal femur MR images of
91 female athletes and their 20 controls obtained from our
previous study (Nikander et al., 2009). The athletes were
recruited through their respective associations and clubs. The
age-matched controls were students and were recruited from
nearby medical and nursing schools. The controls did not
practice any sport at competitive level and were mostly
involved in recreational physical activity two to three times a
week. All the participants of the study were inquired of poten-
tial factors affecting bone metabolism such as medications,
diseases, menstrual status, use of hormonal contraceptives, cal-
cium intake, alcohol, tobacco and coffee consumption, as well
as their history of previous injuries and fractures. The study
protocol was approved by the Ethics Committee of Pirkanmaa
Hospital District, and each participant gave their written
informed consent prior to the measurements.
The athletes were nine triple jumpers, ten high jumpers,
nine soccer players, ten squash players, 17 powerlifters, 18
endurance runners and 18 swimmers. According to the classi-
fication scheme proposed recently by Nikander et al. (2005;
Nikander et al., 2006), these sports were broken down into
five different exercise-loading types: high-impact; odd-impact;
high-magnitude; repetitive, low-impact and repetitive, non-
impact loading. The high-impact group comprised the triple
jumpers and high jumpers; the odd-impact group the soccer
and squash players; the high-magnitude group the powerlift-
ers; the repetitive, low-impact group the endurance runners;
and the repetitive, non-impact group the swimmers.
The proximal femur cortical geometry, covering the whole
proximal femur from the femoral caput to the subtrochanteric
level of the femoral diaphysis, was imaged with a 15-T MRI
system (Siemens, Avanto Syngo MR B15, Erlangen, Germany).
Two haste localization series were used as scout images to
specify the correct orientation of the imaging plane such that
the plane of the femoral neck cross-sections was perpendicular
to the oblique femoral neck axis. The used imaging sequence
was a standardized axial T1-weighted gradient echo volumet-
ric interpolated breath-hold (VIBE) examination [Field of view
35 9 26, TR 153 ms, TE 332 ms, slice thickness 1 mm
without gaps, echo train length=1, flip angle=10°, matrix
384 9 288, the in-plane resolution (pixel size)
09 mm909 mm].
Data extraction
The data used in this study consisted of segmented MR image
slices scanned at two anatomical locations along the femoral
neck. The first location corresponded to the insertion of the
articulation capsule at the femoral neck, hence referred to as
‘distalFN’. The second location was the narrowest femoral
neck cross-section from the data volume for each subject,
hence referred to as the ‘narrowFN’ (Fig. 1).
For the segmentation of cortical bone at distalFN and nar-
rowFN sites, we first used manual procedures supplied by
ITK-snap.(Yushkevich et al., 2006) All procedures for perform-
ing analysis on the segmented data were then implemented in
MATLAB. For the distalFN location, three slices per subject
were segmented, and their average taken. For the narrowFN
location, the region including the smallest femoral neck cross-
section was first located visually by choosing 5 adjacent slices
for the segmentation. The bone area of each five slices was
calculated to determine the smallest cross-section. The two
adjacent slices in addition to the smallest cross-section were
used to calculate the mean thinnest femoral neck slice for that
subject. Of note, the continuity of the cortical wall was guar-
anteed by forcing a minimum of one pixel representing the
cortex over the endosteal layer. This was necessary as the in-
plane resolution of the MR images was not sufficient to detect
the actual (sub-pixel level) cortical thickness at some parts of
the femoral neck cross-section.
As the next step, the information in the segmented two-
dimensional cross-sections was transformed into one-dimen-
sional shape signal, which presented the cortical thickness and
periosteal shape as a function of angle around the given
© 2013 The Authors
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cross-section. Presenting the shape information as a curve pro-
vides a new perspective to observing differences in geometric
traits along the periosteal boundary. The curve was generated
by calculating the centroid of the cross-section and tracing the
polar coordinates of the periosteal cortical boundary with
respect to it (see Fig. 2).
Before further analysis, inconsistencies in image orientation
caused by potential between subject differences in lower limb
rotation and consequent femoral anteversion during imaging
were corrected. Specifically, the tip of the lesser trochanter
from the segmented bone volume was used as an anatomical
landmark to obtain the angle it makes with respect to the cen-
troid. Using this angle, the signals for each subject were
aligned accordingly to provide appropriately aligned curves
and anatomically consistent results.
Data analysis
To properly analyse the femoral neck geometry across sub-
jects, the shape signals were normalized by removing all scale
information. A common approach to centre and scale the
image shape is to normalize the concatenated list of coordi-
nates (s) of the 2D shape points (perimeter), so that |s| cor-
responds to unity. For each subject, the scaling was performed
by setting the square root of the sum of the squared distances
of each perimeter point from the mean, to unity.
For the calculation of buckling ratio, the absolute cortical
thickness was first calculated by determining the distance
between the segmented periosteal and endosteal boundary
along radial lines starting from the centroid of the cross-sec-
tion around the periosteal envelope. Then, the buckling ratio
was calculated as a ratio of the periosteal radius to cortical
thickness at every point along the periosteum.
For estimating the curvature of the femoral neck cross-
section, a contour representing the midline between the
segmented periosteum, and the endosteum was first deter-
mined. Subsequently, the curvature at every point on this
contour was calculated based on an angular span of 30
degrees centred at the point in consideration. Using qua-
dratic polynomial fitting for the coordinates in this span,
the curvature through its second derivative was calculated as
follows
K ¼ j x0y00  y0x00 j
ðx02 þ y02Þ32
where x and y are parametric representation of the planar
curve in Cartesian coordinates. For reference, the above curva-
ture formula for a straight line reduces to zero, while for a
Anterior
Posterior
Posterior
Anterior
Inferior Superior
270°
180° 0°
90°
Figure 2 Segmentation of the MR image of femoral neck cross-section into two regions – cortical and trabecular. The dot in trabecular region
indicates the position of the centroid. The clockwise arrow indicates direction of travel for generating the shape signal along the periosteal boundary.
NarrowFN
NarrowFN
DistalFN
DistalFN
Figure 1 Coronal scout image of the proximal femur showing the two locations under study – the narrowest femoral neck cross-section (nar-
rowFN) and the site of insertion of the articular capsule at the femoral neck (distalFN). The corresponding axial cross-sectional images and their
segmentations are also presented.
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circle of radius R, it reduces to 1/R. Of note, we treated the
curvature here as a local property defined at a point on the
peripheral curve dependant only on its neighbours within a
span of 30 degrees. We experimented with a range of span
angles between 10 and 60 degrees and considered 30 as ade-
quate for the data at hand. It is a compromise between gain-
ing a smooth curvature signal and keeping the span size
modest.
The above described three-one-dimensional signals – shape,
buckling ratio and curvature – determined for each subject
were used for the comparisons of cortical geometry between
the exercise-loading groups.
In addition, a simple measure of circularity of the whole
cross-section at both locations was calculated for each subject
as follows
C ¼ 4pA
P2
where A is the area of cross-section, and P is the perimeter.
To get the mean representations of shape, buckling ratio
and curvature for each exercise-loading group, the dimen-
sions of these signals were first reduced by principal compo-
nent analysis (PCA). The number of eigen-modes deemed to
sufficiently represent the data was based on the criteria that
they accounted for 95% of the variation in the given signal.
For all athletic groups, the number of modes mostly varied
between 6 and 10, whereas for the control group, consis-
tently, fewer modes were required reflecting a more compact
distribution in geometric traits. These PCA modes were then
used to reconstruct the individual signals, which in turn were
used to determine the mean model for each exercise-loading
group.
The mean group signals were examined as themselves as
well converted back to 2D contours. In the 2D contoured
form, the endosteal and periosteal contours were plotted to
reflect the normalized shape and cortical thickness information
based on the buckling ratio.
Statistical analysis
All exercise groups were compared with the control group.
To illustrate potential between group differences in 1D shape
signals and 2D contours, we used the simple unpaired t-test
(95% confidence interval). A level of significance of P 005
was chosen with no assumptions of equal variances as per the
Behrens–Fisher problem. For all signals, the test was per-
formed for every point over the entire angular span, from 0
to 359 degrees, and those indicating difference were plotted
on the signals and contours.
Results
Table 1 shows the basic cross-sectional geometric characteris-
tics of the study groups at the two locations. As expected, the
narrowFN site, across groups, returns a higher circularity mea-
sure than the distalFN site. Within a site, groups tend to be
indistinct in trends with the exception of repetitive, low-
impact group showing a slightly greater value at the narrow-
FN site. In the ratios of cortical to total area, at the distalFN
site, the high- and odd-impact groups show higher values.
While at the narrowFN site, only the odd-impact group has a
distinctly higher ratio. It should be noted, however, that these
higher values are accompanied with a greater spread, reflected
by the slightly larger standard deviation values.
At the narrowFN location (see Fig. 3 and Fig. 4), differ-
ences compared with the control data were observed in the
high-and odd-impact groups. In the high-impact group, there
were two distinct sectors: the antero-superior sector with a
span of 77 degrees showed an average 33% increase in buck-
ling ratio (indicating more susceptibility to buckling failure)
and the inferior sector with a span of 98 degrees showed an
average 32% decrease in buckling ratio (indicating less suscep-
tibility to buckling failure). The odd-impact group showed a
wide 149 degree sector with an average 21% decrease in
buckling ratio (indicating less susceptibility to buckling
Table 1 Geometric traits (mean (SD)) at the narrow neck and distal neck locations in different exercise-loading groups.
Femoral neck location High impact Odd impact High magnitude
Repetitive,
low impact
Repetitive,
non-impact
Non-athletic
Reference
distalFN
Total area
(ToA) (mm2)
720 (106) 665 (101) 622 (124) 690 (83) 731 (121) 661 (95)
Cortical area
(CoA) (mm2)
188 (24) 170 (23) 138 (15) 146 (17) 159 (31) 149 (29)
Ratio (CoA/ToA) 027 (005) 026 (006) 023 (003) 021 (003) 022 (003) 023 (003)
Circularity 088 (004) 089 (003) 090 (003) 088 (004) 088 (004) 088 (003)
narrowFN
Total area
(ToA) (mm2)
696 (120) 670 (95) 623 (130) 668 (102) 709 (110) 640 (103)
Cortical area
(CoA) (mm2)
181 (38) 191 (31) 159 (38) 172 (38) 174 (37) 158 (31)
Ratio (CoA/ToA) 026 (005) 029 (006) 026 (005) 026 (004) 025 (004) 025 (003)
Circularity 093 (002) 093 (002) 092 (002) 094 (002) 091 (003) 092 (002)
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failure). Concerning the shape of the outer cortical surface,
the repetitive, low-impact loading indicated a more circular
shape. In the other exercise groups, no consistent patterns in
shape traits were observed.
At the distal femoral neck (see Fig. 5 and Fig. 6), differ-
ences compared with the control data were again observed
only in the high-and odd-impact groups. The high-impact
group showed an average 37% decrease in the buckling ratio
0 45 90 135 180 225 270 315 360
0·023
0·024
0·025
0·026
0·027
0·028
0·029
0·03
Mean Shapes (Periosteum): All groups
Angle (along perimeter wrt centroid)
D
is
ta
nc
e 
fro
m
 c
en
tro
id
 (n
or
m
al
is
ed
) High Impact
Odd Impact
High Mag.
Rep. Low Imp
Rep. Non Imp
Reference
0 45 90 135 180 225 270 315 360
0·03
0·04
0·05
0·06
0·07
0·08
0·09
0·1
0·11
0·12
0·13
Mean Curvature: All groups
Angle (along perimeter wrt centroid)
C
ur
va
tu
re
High Impact
Odd Impact
High Mag.
Rep. Low Imp
Rep. Non Imp
Reference
0 45 90 135 180 225 270 315 360
5
6
7
8
9
10
11
12
Angle (along perimeter wrt centroid)
B
uc
kl
in
g 
R
at
io
High Impact
Odd Impact
High Mag.
Rep. Low Imp
Rep. Non Imp
Reference
Anterior
Posterior
SuperiorInferior
Mean Buckling Ratio: All groups
(a)
(c)
(b)
Figure 3 Shape signal of the periosteal contour (a) curvature of the cortical bone (b) and buckling ratio (c) at the narrow femoral neck location.
Bold lines indicate group differences as suggested by the simple t-test. Angle: 0 – superior, 90 – posterior, 180 – inferior, 270 – anterior.
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Figure 4 Reconstructed mean outer and inner cortical contours in the exercise-loading groups at the narrowest femoral neck location. For refer-
ence, contours as obtained from the control group are drawn in dashed line. Red plots indicate locations where the difference in buckling ratio
differed from the control values.
© 2013 The Authors
Clinical Physiology and Functional Imaging © 2013 Scandinavian Society of Clinical Physiology and Nuclear Medicine 33, 4, 258–266
Femoral neck geometry and exercise loading, N. Narra et al.262
in the inferior region over a span of 79 degrees, and the
odd-impact group showed an average 22% decrease in the
buckling ratio in the superior region over a span of approxi-
mately 61 degrees. This mostly results from a more circular
shape of the distal femoral neck of the odd-impact group.
Similar to the results at the narrow femoral neck, the shape
and curvature signals indicated marginal differences. The
odd-impact group tended to show a more circular shape, as
reflected by the somewhat lower amplitude of the shape
signal.
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Figure 5 Shape signal of the periosteal contour (a) curvature of the cortical bone (b) and buckling ratio (c) at the distal femoral neck location.
Bold lines indicate group differences as suggested by the simple t-test. Angle: 0 – superior, 90 – posterior, 180 – inferior, 270 – anterior.
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Figure 6 Reconstructed mean outer and inner cortical contours in the exercise-loading groups at the distal femoral neck location. For reference,
contours as obtained from the control group are drawn in dashed line. Red plots indicate locations where the difference in buckling ratio differed
from the control values.
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Discussion
In the present paper, we showed new information about the
association of exercise loading with shape, curvature and
buckling ratio at two biomechanically relevant cross-sections
at the femoral neck (narrowest neck and insertion of the
articular capsule). We paid particular attention to a rigorous
treatment in the extraction and sound analysis of these geo-
metrical traits by employing statistical models of the individ-
ual exercise-loading groups based on principal component
analysis of the cortical geometry derived from segmented MR
images. Instead of limiting the analysis to predetermined
wide anatomical sectors (e.g. quadrants or octants (Mayhew
et al., 2005; Nikander et al., 2009; Johannesdottir et al.,
2011)), we achieved a higher degree of angular accuracy
through the polar presentation of the three geometrical traits
– shape, buckling ratio and cortical curvature. These parame-
ters, and the differences between exercise categories and con-
trols, were determined for every periosteal surface point and
presented both as 1D shape signals and reconstructed 2D
cross-sections. It is stressed that the main purpose of this
study was to illustrate the influence of specific exercise
loading on femoral neck geometry and reveal consistent
patterns using novel ways to present and generate relevant
information.
Obviously, the present detailed analysis confirmed our pre-
vious observations (Nikander et al., 2009) but now with a
higher specificity particularly illustrating the exact anatomic
directions where the exercise-loading groups showed differ-
ences in these geometrical traits compared with the control
group. Of all groups, the high-impact group showed clearly
the thickest cortical bone at the inferior weight-bearing
region at both the distal and the narrowest neck locations.
Biomechanically, a strong cortical bone is necessary given the
extreme ground reaction forces (up to 20 times of body
weight on a single leg), and a triple jumper may experience
during an athletic performance (Heinonen et al., 2001). In
contrast, the odd-impact group showed a relatively thicker
cortical bone throughout the femoral neck in quite a consis-
tent fashion and slightly more circular bone at the distal fem-
oral neck. Also, the repetitive, low impact represented by
endurance runners seemed to have a more circular cross-sec-
tion at the narrow femoral neck. The latter findings are rele-
vant in terms of secular and clinical perspective. It was
recently found that the people living in mediaeval times,
apparently loading their proximal femora in a more varying
ways than nowadays, had more circular femoral neck cross-
sections (Siev€anen et al., 2007). A more circular bone, partic-
ularly with relatively thicker cortical bone in all directions, is
more robust in all loading circumstances than a mechanically
more specialized bone. When assessing the quality of bone
through its quantitative measurement (as obtained from clini-
cal Dual-energy X-ray absorptiometry scanning), it should be
noted that bone geometry has a direct influence on areal
bone mineral density (BMD) values. Areal BMD depends not
only on the bone mineral apparent density but also on cross-
sectional size of given bone (Siev€anen, 2000). Thus, subjects
with larger, high-density cortical bone (lower buckling ratio)
and/or larger bone cross-sections will return higher values
for BMD (Nikander et al., 2005). In this respect, the present
geometry analyses add substantive information to common
BMD analyses and provide a tangible picture in understand-
ing cortical bone structure.
However, due to the limited spatial resolution of the MR
image data, our findings need to be interpreted with caution.
Considering pixel size of 09 9 09 mm, we therefore
restricted our commentary to locations which showed differ-
ences greater than the image resolution itself. Moreover, we
had to enforce one pixel thick layer next to the inner trabecu-
lar region to maintain the anatomical continuity of cortical
bone in regions where the cortical bone was not distinct in
our segmentation procedure. The resolution of the present
study meant that the thinnest cortical bone possible was
09 mm, which is in the middle of the range (06–12 mm)
reported by Mayhew et al. (2005). Evidently, the actual corti-
cal thickness can be even smaller at some locations approach-
ing to the thickness of a single trabecular column (Verhulp
et al., 2008).
As regards to data extraction, there seems to be certain
unresolved issues related to definitions and applications of
geometrical parameters of cortical bone that could be dis-
cussed more thoroughly in literature. Firstly, when dealing
with an analysis of 2D cross-sections, the definition of cortical
thickness is tied strongly to the reference point. The norm is
to take the centre of mass as a reference to calculate the thick-
ness parameters, approximated by the geometrical centroid in
this work due to the lack of mass information. However, this
method in the thickness estimation in radial direction is not
necessarily accurate in terms of mechanical forces imposed on
that location during different physical activities. This is due to
the fact that realistic 3D loading of the bone might differ
from the assumed axial loading. Essentially, the plane of
imaging during the image acquisition affects the 2D geomet-
rical parameters extracted. Secondly, the method of estimating
cortical thickness in the direction of the periosteal surface
normal is also not a straightforward method, as the high cur-
vature regions will give wildly varying values. Ultimately, the
long axis of femoral neck might be the most reasonable refer-
ence for calculating the basic and derived geometrical parame-
ters such as thickness, curvature, buckling ratio, etc., which
would involve 3D data analysis extending the 2D work of
Mourtada et al. (1996). Thirdly, the calculation of actual cur-
vature of the bone surface proved to be non-trivial as well. As
the curvatures graphs in Figs 3b and 5b illustrate, it is very
hard to distinguish a pattern or get stable values for images at
this resolution. The calculation of local curvature itself is not
straightforward as it involves approximating the scattered
boundary points with an nth degree polynomial (usually 3 or
4). Tests with a synthetic circle with a similar area and reso-
lution as the cross-sections observed in our data showed that
© 2013 The Authors
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even an addition of 10 dB white Gaussian noise warranted
smoothing, through wider spans and filtering of the resulting
curvature signal. 10 dB of noise for a circle of radius 20 is
roughly the quantization error when converted into grid
coordinates similar to our data. In this study, we smoothed
the local curvature values calculated using a neighbourhood
span. Thus, while it is agreed upon that the curvature dictates
an important mechanical aspect (Mayhew et al., 2005), it
should be carefully balanced in interpretation keeping in
mind the assumptions and approximations employed in its
calculation. Indeed, a future perspective would be a whole 3D
model of the proximal femur, with a more thorough analysis
of the geometrical traits complemented by density data when-
ever ethically possible.
In conclusion, one-dimensional polar analysis of the geomet-
rical traits coupled with an intuitive presentation of the compar-
ative results, provides a basis for analysis with a high degree of
angular accuracy than prevalent in current literature. In this
work, our approach indicates that the odd-impact exercise load-
ing, which imposes impacts on the proximal femur from vary-
ing directions, is associated with generally more robust cross-
sectional geometry along the femoral neck.
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Abstract
Objectives: We investigated the relationship between loading history and bone bio-
mechanical properties used in physical activity reconstructions. These bone
properties included bone bending and torsional strength (J), cortical area (CA), the
direction of the major axis (theta angle), and element shape ratios determined from
cross sections of standardized bone length. In addition, we explored the applicability
of anatomically determined cross sections.
Methods: Our material consisted of hip and proximal thigh magnetic resonance
images of Finnish female athletes (N5 91) engaged in high-jump, triple-jump, endur-
ance running, swimming, power-lifting, soccer and squash; along with a group of
active non-athlete individuals (N5 20). We used regression analysis for size-
adjustment, and the extracted residuals were then used to compare diﬀerences in the
bone properties between groups.
Results: We found that triple-jumpers, soccer players, and squash players had the
greatest values in CA and J, swimmers and non-athletes had the smallest, whereas
high-jumpers, power-lifters, and endurance runners exhibited interim values. No
between-the-group diﬀerences in element shape ratios or theta angles were found.
We found that inﬂuences of activity were similar regardless of whether standardized
length or anatomically determined cross sections were used.
Conclusions: Extreme (triple-jump) and directionally inconsistent loading (soccer
and squash) necessitate a more robust skeleton compared to directionally consistent
loading (high-jump, power-lifting, and endurance running) or non-impact loading
Am J Hum Biol 2017; e22965;
DOI: 10.1002/ajhb.22965
wileyonlinelibrary.com/journal/ajhb VC 2017 Wiley Periodicals, Inc. | 1 of 14
Received: 22 January 2016 | Revised: 9 November 2016 | Accepted: 22 December 2016
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(swimming and non-athletes). However, not all of these relationships were statisti-
cally signiﬁcant. Thus, information gained about physical activity using bone
properties is informative but limited. Accounting for the limitations, the method is
applicable on fragmented skeletal material as anatomically determined cross sections
can be used.
1 | INTRODUCTION
Loading is important for maintenance of bone mass and has a
mechanically appropriate distribution within the bone cross
section (Forwood & Burr, 1993; Ruﬀ, Holt, & Trinkaus,
2006). Loading history is therefore considered to be reﬂected
in bone biomechanical properties which are the very founda-
tion of activity reconstructions. Biomechanical properties of
bones are a result of loading history and cumulative eﬀects of
activity, as the bone is thought to strengthen in response to
the most commonly experienced direction of stress by overall
shape adaptation (Forwood & Burr, 1993; Ruﬀ et al., 2006).
This is explained by beam theory: bone is biomechanically
stronger the further away the periosteal contour is from the
neutral bending axis of the bone (Lieberman, Polk, & Demes,
2004; Ruﬀ et al., 2006; Stock & Shaw, 2007). Functional
adaptation of bone reﬂects its mechanical environment: physi-
cal activity, body mass and muscle moment arm (Parﬁtt,
2004; Petit et al., 2004; Ruﬀ, 2000a,; Ruﬀ, Walker, & Trin-
kaus, 1994; Seeman et al., 1996; Schiessl, Frost, & Jee, 1998;
Schoenau & Frost, 2002; Schoenau, Neu, Mokov, Wassmer,
& Manz, 2000; Trinkaus, Churchill, & Ruﬀ, 1994).
Conversely, bone is aﬀected by unusual strains rather than
repetitive daily activities. Bone is adapted to normal levels of
stress, and a response occurs at higher or lower stress levels
than the equilibrium range (Frost, 1987; Lanyon, 1987, 1996).
Bone mass is increased if the stimulus is consistently high
(within physiological and material limits) while decreased
loading leads to removal of bone (Martin, 2007; Schoenau &
Frost, 2002). Furthermore, to maintain bone mass a continued,
loading-related stimulus is required (Lanyon, 1987, 1996).
Lanyon (1987) has proposed that loading from atypical direc-
tions is more osteogenic than predictable, directionally consist-
ent loading. Furthermore, Turner (1998) suggests that loading
involving high impacts is the most osteogenic.
As the most commonly experienced direction of stress
magnitude is considered to be reﬂected in the shape of bone
shafts, bone cross-sectional properties have been used to
reconstruct activity of past populations, especially with
regard to mobility (Holt, 2003; Macintosh, Pinhasi, & Stock,
2014; Pomeroy 2013; Ruﬀ, 2008; Ruﬀ et al., 2015; Stock &
Pfeiﬀer, 2001; Weiss, 2003), the eﬀects of unilateral versus
bilateral activity (Shaw & Stock, 2009b), combatant weapon
preference on upper limb use (Rhodes & Kn€usel, 2005; Spar-
acello, Pearson, Coppa, & Marchi, 2011), and sexual divi-
sion of labor (Macintosh et al., 2014; Sparacello et al., 2011;
Wescott & Cunningham, 2006). Loading patterns are usually
established, and have the most inﬂuence on morphology, in
childhood (Ruﬀ et al., 2006).
Activity reconstructions utilize diﬀerences between
groups in bending and torsional rigidity (J), or in the element
shape ratio (Ix/Iy). Eﬀectively, in the case of the femur, bone
antero-posterior diameter is considered to be reinforced with
higher levels of mobility (Holt, 2003; Macintosh et al., 2014;
Pomeroy, 2013; Ruﬀ, 2008; Ruﬀ et al., 2015; Wescott &
Cunningham, 2006) whereas medio-lateral widening of the
shaft is inﬂuenced to a large extent by pelvic breadth (Davies
& Stock, 2014; Ruﬀ, 2000a,,; Weaver, 2003).
Furthermore, as bone properties and muscle cross-
sectional area are correlated, it has been proposed that corti-
cal area (CA) could be a better proxy for physical activity
reconstructions than bone shape or entheseal changes
(Schoenau, Shaw, & Harvati, 2013; Slizewski, Burger-
Heinrich, Francken, Wahl, & Harvati, 2014). However, large
prediction errors have been raised as an issue (Shaw, 2010).
The orientation of greatest bending rigidity, or of the major
axis of the section called the theta angle, has been brieﬂy
considered in the evaluation of activity diﬀerences (Burr,
Piotrowski, & Miller, 1981; Ruﬀ, 1992; Sumner, Mockbee,
Morse, Cram, & Pitt, 1985). Comparison of bone properties
between living subjects with known activity patterns and lev-
els to those of archaeological and fossil individuals can give
valuable information when evaluating the living conditions
of prehistoric humans and human ancestors (Scherf, Wahl,
Hublin, & Harvati, 2016; Shaw & Stock, 2009a,).
The aim of this study is to investigate the relationship
between loading histories and the bone biomechanical prop-
erties commonly used in activity reconstructions. We utilize
data comprised of magnetic resonance images (MRI) of
modern female athletes and a group of active non-athlete
individuals. The data are coupled with reliable and accurate
information on training history, body size, and age. High-
jumpers, triple-jumpers, soccer and squash players, power-
lifters, endurance runners, swimmers, and active non-athlete
women are represented in our sample. The biomechanical
properties of the athletes and non-athletes are compared and
these properties are elaborated in terms of apparent loading
patterns of these sports. In previously published research, it
has been hypothesized as well as empirically attested that bone
biomechanical properties are adapted to principal loading
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directions (Forwood & Burr, 1993; Ruﬀ et al., 2006; Shaw &
Stock, 2009a), and that atypical loading directions are consid-
ered more osteogenic (Lanyon, 1987; Shaw & Stock, 2009a).
In addition, bone biomechanical properties are aﬀected by
intensity of loading through muscle contraction and ground
reaction forces (Frost, 1987; Heinonen, Sievänen, Kannus,
Oja, & Vuori, 2002; Lanyon, 1987, 1996), repetitiveness or
high number of loading cycles (Nikander, Sievänen, Heinonen,
& Kannus, 2005; Nikander et al., 2009; Ruﬀ et al., 2006), and
high ground impacts (Heinonen, Sievänen, Kyr€oläinen, Perttu-
nen, & Kannus, 2001; Nikander et al., 2005, 2009).
Soccer and squash involve ground reaction forces and
great torque exerted on a single limb from rapidly accelerat-
ing/decelerating movements and quick turns of the body that
translate into inconsistent loading directions at the hip region
(Nikander et al., 2005, 2009). Powerful unilateral hip exten-
sion resulting in great torque through intense muscle forces
acting around the femur occurs in these sports. Soccer and
squash can be considered to consist of repetitive, intense
loading from atypical directions and involve high ground
impacts coming from odd directions. Atypical loading is
directionally inconsistent and not primarily encountered in
the course of everyday life, that is, locomotion and squatting
representing general typical loading patterns. In addition,
triple-jump is a sport in which training and competition con-
sists of repetitive, intense loading. There is also a require-
ment for powerful unilateral hip extension coupled with
forward motion. However, in triple-jump the encountered
extreme ground impacts come from the axial direction.
Ground impacts encountered in triple-jump are up to 20
times body weight or more (Heinonen et al., 2001). High-
jump includes axially directed high ground impacts and
powerful bilateral hip extension during typical sport perform-
ance and training (Nikander et al., 2009). Sprinting and
powerful bilateral hip extension involved in the sport results
in directionally consistent, intense loading. Long-distance
running is an endurance sport that includes a great number
of repetitive weight-bearing impacts with the ground, result-
ing in directionally consistent loading (Nikander et al.,
2009). Power-lifting involves precise co-ordination of move-
ments coupled with intense muscle force production
(Nikander et al., 2009). In addition to the high static and
transient loading (at lower rates than high-impact sports) of
the bones, intense muscle forces also act to aﬀect the stress
experienced at the proximal femur. Power-lifting would
arguably result in high directional compressional forces act-
ing on the bone due to muscle activity. Running and power-
lifting load the bones in directions similar to what is encoun-
tered in the course of everyday life, that is, locomotion and
squatting, albeit at much-higher magnitudes and rates. Swim-
ming is a non-impact sport, where intensity consists of mus-
cle contraction only, rather than combined eﬀects of muscle
contraction and ground reaction forces as in the sports
described above (Nikander et al., 2009). Competition and
training in swimming consists of repetitive and directionally
consistent loading coming from muscle contraction only, that
is, without ground impacts.
We studied three diﬀerent cross-sectional locations of the
femur: the mid-shaft, the lesser trochanter, and the sub-
trochanteric levels. Bone cross-sectional properties are usually
studied using standardized geometric cross sections of bone
length, such as 50% or 80% of total length (Mongle, Wallace,
& Grine, 2015). However, estimating mid-shaft location—
especially for poorly preserved long bones—will introduce a
source of error which can aﬀect comparisons between indi-
viduals (Mongle et al., 2015; Sladek, Berner, Galeta, Friedl,
& Kudrnova, 2010). Should anatomically determined cross
sections be operable, they would greatly enhance the applic-
ability of biomechanical properties for activity reconstruc-
tions, especially in the absence of bone length information
when dealing with incomplete skeletal data. The results of
this study are relevant to considering the applicability of spe-
ciﬁc bone biomechanical properties as the basis for activity
reconstruction, and how diﬀerent proximal femur cross sec-
tions reﬂect the loading history of this weight-bearing bone.
2 | MATERIALS AND METHODS
The study material consisted of proximal femur MR images
(1.5T Avanto Syngo MR B15, Siemens, Erlangen, Germany)
of 91 female athletes and 20 active non-athlete females
obtained from previous studies of the hip-joint (Nikander
et al., 2009) and proximal thigh (Siki€o et al., 2013). The ath-
letes were recruited through their respective associations and
clubs. The non-athletes were students recruited from nearby
medical and nursing schools. The non-athletes did not prac-
tice any sport at a competitive level and were only involved
in recreational physical activity two to three times a week.
All the study participants were asked about potential factors
aﬀecting bone metabolism, such as medications, diseases,
menstrual status, use of hormonal contraceptives, calcium
intake, alcohol, tobacco, and coﬀee consumption, as well as
their history of previous injuries and fractures. The study
protocol was approved by the Ethics Committee of Pirkan-
maa District Hospital, and each participant gave her written
informed consent prior to the measurements.
Several sports with diﬀering loading patterns were repre-
sented in the sample: 10 high-jumpers, 9 triple-jumpers, 9
soccer players, 10 squash players, 17 power-lifters, 18 endur-
ance runners, and 18 swimmers. Loading history was estab-
lished by considering both typical sport performance as well
as the typical training form. The athletes’ sports speciﬁc
training hours per week and competing career in years are
given in Table 1. Training hours of non-athletes are also
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given. The dominant leg (ie, take-oﬀ and kicking leg) of
each of the volunteers was scanned. The tomographic image
data for every subject consist of a 3D stack of contiguous 2D
cross-sectional images of a single thigh (left or right), hence-
forth referred to as an image volume. The 3D MR image
acquisition protocols were such that the anatomy of the prox-
imal half of the femur was scanned in two separate sections,
or sub-volumes, of femoral head (pixel size: 0.9115 3
0.9115 mm; slice thickness: 1 mm) and shaft (pixel size:
0.8125 3 0.8125 mm; slice thickness: 3 mm). The femoral
head image volume extends from the femoral caput to the
sub-trochanteric region of the shaft, with the imaging plane
oriented axially to the oblique femoral neck axis. The proxi-
mal shaft image volume extends distally 210–240 mms from
the trochanteric region, with the imaging plane oriented per-
pendicularly to the length of the supine subject.
The cortical bone in these two anatomical sections was
individually segmented from the respective image volumes.
The segmentation was performed manually using ITK-snap
(Yushkevich et al., 2006). The orientations of segmented
volumes were aligned in Avizo (VSG/FEI, Merignac Cedex,
France) using the global coordinate system information in
the DICOM ﬁles of the image datasets.
Subsequently, all 111 segmented femora were made ana-
tomically consistent by mirroring the left femur (about the
sagittal plane) to mimic the right. Three anatomical locations
were identiﬁed for the cross-sectional analysis of the femur:
lesser trochanter, sub-trochanter, and mid-shaft (Figure 1).
The lesser trochanter region is located in the femoral head
section of the image data, where the image slices are perpen-
dicular to the oblique neck axis. This results in a very
oblique cross-sectional slice at the level of the lesser trochan-
ter. Thus, it was necessary to transform the geometric orien-
tation of the segmented femur by rotating it in the coronal
plane such that the resulting cross-sectional planes were per-
pendicular to the shaft axis. To calculate the shaft axis, the
solidity parameter for each cross section in the original orien-
tation was calculated. The distal-end cross sections with a
solidity parameter higher than 0.95 were deemed suitable for
consideration. The solidity parameter is a measure of the cir-
cularity of a given shape 21 for a circle, and decreases with
increasing eccentricity in shape. The shaft axis was calcu-
lated by collecting a contiguous set of cross sections (starting
from the most distal), which have solidity above 0.95, and
ﬁtting a 3D line vector to their geometric centroids. The
desired angle for rotating the volume was calculated based
on the coronal projection of this vector.
Selection of the cross-sectional location was carried out
as follows. The location of the lesser trochanter was deﬁned
by the maximal protrusion of the trochanteric process,
selected from the above described re-oriented segmented
femur. The sub-trochanter cross section was similarly man-
ually determined by tracing the location commonly used for
osteometric measurements of proximal femur shaft diameter
(Wescott, 2005). The location was determined by identifying
a site where the medial neck-shaft junction and lesser tro-
chanter curvature were no longer visible, while in all subjects
the locations should be within about 1–2 cm below the maxi-
mum lesser trochanter transverse width. This location is pres-
ent in the shaft section of the image data, where the cross
sections are axial to the long axis of the body. Thus, for
selecting this cross section, the segmented femur was already
oriented appropriately. Similarly, the mid-shaft cross section
was determined from the shaft image data section. In
FIGURE 1 (a) Coronal images from the twoMR image sub-volumes (hip and proximal thigh). The black arrows indicate the
direction of tomographic scans and are perpendicular to the cross-sectional plane for the corresponding image volume. (b) Identi-
ﬁed locations for performing cross-sectional analysis of the bone biomechanical properties.L1: at the level of lesser trochanter; L2:
at the sub-trochanter level; L3: at 50% of estimated physiological femur shaft length
NIINIM€AKI ET AL. American Journal of Human Biology | 5 of 14
previous literature, standardized cross sections of the femur
were observed at 50% of femur length for maximum length,
physiological length, or biomechanical length (Davies &
Stock, 2014; Mongle et al., 2015; Ruﬀ & Hayes, 1983). In
our material, due to the absence of the distal diaphysis in this
dataset, it was necessary to estimate the femur length from
the available physiological parameters for every subject.
Maximum femur length or biomechanical femur length could
not be obtained for the individuals in the MRI study, but
physiological femur length (Martin & Saller, 1957) could be
regressed from stature using its similarity to the anthropo-
metric measurement of femur length (Montagu, 1960). It
should be noted that cross sections standardized to physio-
logical femur length are located more proximally compared
to cross sections standardized to maximum length and bio-
mechanical length (Mongle et al., 2015; Ruﬀ & Hayes,
1983). The relationship between physiological femur length
and stature was based on a sample of modern Finnish
females (age 18–25, N5 85; unpublished data by SN) using
the following formula:
Stature  0:309210:602 Adjusted R20:577; SEE 1; 971 :
The half-length measurement obtained, oﬀset from the
location of the greater trochanter, indicates the appropriate
cross section. As the greater trochanter and the mid-shaft
regions are in two separate image data sections, it was neces-
sary to combine the two corresponding sections of the seg-
mented femur in a common coordinate system. During the
segmentation procedure, the 3D positional information for
every pixel was retained and used to create a composite of
the entire available segmented proximal femur. The 3D visu-
alization of this composite was used in extracting the 50%
location of the shaft with respect to the superior apex of the
greater trochanter.
2.1 | Measurements of bone properties and data analyses
CA (unit mm2) represents bone resistance to axial tensile or
compression loads. Second moments of area (I, unit mm4),
also called area moments of inertia, represent bending rigid-
ity at a given plane. For this study, four moments of inertia
were measured, including those around the medio-lateral
axis in the antero-posterior plane (Ix), the antero-posterior
axis in the medio-lateral plane (Iy), and the maximum (Imax),
and minimum (Imin) shaft diameter. Torsional rigidity is
described by the value J, which measures torsional and aver-
age (twice) bending strength (O’Neill & Ruﬀ, 2004; Ruﬀ,
2003). It is derived from summing two perpendicular
moment areas indicated by I. Therefore, J5 Ix1 Iy or
Imax1 Imin (unit mm
4; O’Neill & Ruﬀ, 2004; Ruﬀ, 2003).
Bone shape can be assessed by dividing Ix by Iy, whereupon
relative circularity of the cross section can be evaluated.
Finally, the theta angle was acquired as the angle between Ix
and Imax axes, which represents the orientation of greatest
bending rigidity or the major axis of the section.
Bone biomechanical properties scale to body size
(Brianza et al., 2007; Parﬁtt, 2004; Petit et al., 2004; Ruﬀ,
2000a,; Ruﬀ et al., 1994; Schiessl et al., 1998; Schoenau
et al., 2000; Schoenau & Frost, 2002; Seeman et al., 1996;
Trinkaus et al., 1994). Before analyzing any external eﬀects
on bone properties, potential individual size eﬀects contribut-
ing to the observed variation in measured properties should
be accounted for. As we recognize that human size is multi-
dimensional, we took several measurements of body size and
dimensions from the MR images of the subjects. Body height
was measured against the wall with a tape measure and body
mass (as weight) with scales at the same time as the MR
imaging was done (Nikander et al., 2009). Pelvic width was
measured from the MR images as hemi-pelvic breadth from
the outer edge of the iliac blade to the mid-line of the sac-
rum. This measurement, multiplied by two, will yield the bi-
iliac breadth (BIB) measurement (Martin & Saller, 1957),
commonly used in body weight reconstructions (Ruﬀ,
2000b; Ruﬀ, Niskanen, Junno, & Jamison, 2005). Femoral
head supero-inferior height (FHSI) was measured at the mid-
dle of the femoral caput for maximum diameter in the para-
sagittal plane (Martin & Saller, 1957). This measurement is
considered to correlate with weight and indicates skeletal
robustness at the end of growth period (Ruﬀ, 2003). Femoral
head-neck length (FHNL) was measured from the most lat-
eral point of the greater trochanter to the superior surface of
the femoral caput (Lovejoy, 1975; Martin & Saller, 1957).
This measurement contributes to body breadth and thus
inﬂuences the moment arms of the muscles crossing the hip-
joint (Ruﬀ, 2005).
The eﬀects of the size variables (weight, height, BIB,
FHNL, FHSI; Table 1) were removed from each of the
response variables statistically. Owing to signiﬁcant correla-
tions between human size variables (eg, in this study; Table
2), it often becomes problematic to use diﬀerent size varia-
bles in the models simultaneously. Therefore, a principal
components analysis (PCA) was conducted for the ﬁve size
variables. The main objective here was to obtain a principal
component (PC) that would provide an accurate summary of
the size variable relationships among the subjects. This pro-
cedure further helps to avoid problems with multicollinearity
that may arise if two or more of the explanatory variables are
highly correlated. The obtained component score includes
the contribution of all-original variables. A regression model
was ﬁtted for the relevant response variables (CA and J at
diﬀerent levels) by entering the PC1 score as a linear predic-
tor (Ceyhan & Goad, 2009; Corruccini, 1987; Smith, 1994).
The residuals describe the variation among individuals that is
left over once the regression model has been run to control
for confounding variables, in this case the combined eﬀect of
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size variables. The size-adjusted residual values for CA and
J were further compared with respect to activity loading
type. The residual values for CA and J followed a normal
distribution. Second moment of inertia ratios and theta angles
are size-free variables (see also Corruccini & Ciochon, 1976)
and used as ratios or angles in activity reconstructions (eg,
Macintosh et al., 2014; Ruﬀ, 1992; Ruﬀ et al., 2015; Spara-
cello et al., 2011; Wescott & Cunningham, 2006); therefore,
it is not necessary to regress these variables against PC1.
Size-adjusted CA and J, second moment of inertia ratios
(Ix/Iy), and theta angles were then compared between groups
using one-way analysis of variance (ANOVA; Table 1). A
relevant post hoc analysis was performed on those response
variables found to diﬀer between groups (Figure 2A–H).
Tukey’s post hoc analysis was performed when variances
were equal and Games-Howell post hoc analysis was per-
formed when variances were unequal. Equality of variances
was checked with Levene’s test. All the statistical analyses
were executed using the statistical program SPSS 21.0 for
Windows (IBM SPSS Statistics for Windows, Version 21.0.
Armonk, NY: IBM Corp. released, 2012).
3 | RESULTS
Descriptive group statistics are presented in Table 1. The
PCA yielded one component that had an eigenvalue higher
than 1 and the component explained a total of 58.8% var-
iance (Table 3). All body size variables (body height and
weight, femoral head height, FHNL, and BIB), with body
height in particular, loaded highly with this component, thus
providing a satisfactory summary of the size variable rela-
tionships among the individuals (Table 3). Higher CA and J
were associated with higher PC1 scores. PC1 contributed
signiﬁcantly to CA at the sub-trochanteric level (F1,
1065 18.325, P< .001, R
25 0.149), at the level of lesser tro-
chanter (F1, 1065 18.336, P< .001, R
25 0.149) and at 50%
of the physiological femur shaft (F1, 1065 25.407, P< .001,
R25 0.195). PC1 also aﬀected J at the sub-trochanteric level
(F1, 1065 60.460, P< .001, R
25 0.365), at the level of the
lesser trochanter (F1, 1065 41.351, P< .001, R
25 0.283)
and at 50% of the physiological femur shaft (F1,
1065 49.969, P< .001, R
25 0.322). Thus, size as repre-
sented by PC1 aﬀected CA and J signiﬁcantly at each meas-
ured level. However, the contribution of size explaining
variation in CA was lower (14.9–19.5%) than in J (28.3–
36.5%). As predicted, the eﬀect of size on theta angles and
shape ratios at each level were statistically non-signiﬁcant.
To reveal activity-related diﬀerences in bone properties
(without the confounding eﬀect of size diﬀerences), the
eﬀect of size was removed using the PC1 scores in regres-
sion analyses for each CA and J (at diﬀerent levels of the
femur).
When the size eﬀect on a bone property was signiﬁcant,
size-adjusted residuals from regressions were extracted to be
used as response variables in ANOVA. Means and standard
errors of the mean of the response variables are presented to
illustrate variation between groups in those bone response
variables found to diﬀer according to one-way ANOVA
analysis (Table 1, Figure 2A–H). Triple-jumpers had the
greatest CA and J values whereas soccer and squash players
had the second greatest values; high-jumpers, power-lifters
and endurance runners exhibited interim values, and ﬁnally
swimmers and non-athletes had the smallest values (Table 1,
Figure 2A–F). These trends were similar for CA and J for all
studied cross-sectional locations, although triple-jumpers
were associated with soccer and squash players J values at
sub-trochanteric and lesser trochanter levels, and high-
jumpers with soccer and squash players in CA and J values
at the 50% cross-sectional level and soccer and squash player
CA values at the lesser trochanter level.
While there were diﬀerences between groups according
to one-way ANOVA analysis, not all diﬀerences were statis-
tically signiﬁcant, as is evident visually from the overlapping
standard errors (6 2) of means (Figure 2A–F). The following
TABLE 2 Correlations between original size variables
Pairwise Pearson Correlations
Height Weight
Femoral
head-neck length
Bi-iliac
breadth
Femoral
head height
Height 1
Weight 0.336a 1
Femoral head-neck length 0.672a 0.274a 1
Bi-iliac breadth 0.515a 0.196b 0.610a 1
Femoral head height 0.645a 0.320a 0.599a 0.425a 1
aCorrelation is signiﬁcant at the 0.01 level (2-tailed).
bCorrelation is signiﬁcant at the 0.05 level (2-tailed).
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between-groups diﬀerences were signiﬁcant according to rel-
evant post hoc tests. At the sub-trochanteric level triple-
jumpers had the greatest CA values compared to all-other
groups (Figure 2A). In addition, squash players had greater
CA compared to swimmers and non-athletes at the
sub-trochanteric level (Figure 2A). Triple-jumpers had the
greatest CA values also at the lesser trochanter, and this was
statistically signiﬁcant compared to power-lifters, endurance
runners, swimmers, and non-athletes (Figure 2C). At the
lesser trochanter, statistically signiﬁcant diﬀerences were
found in squash players compared to swimmers and non-
athletes (Figure 2C). Triple-jumpers had also the greatest CA
values at the level of the 50% cross section of the femur
length compared to power-lifters, endurance runners,
swimmers, and non-athletes (Figure 2E). Soccer players and
squash players had greater CA compared to swimmers and
non-athletes, and squash players compared to endurance run-
ners at the level of 50% cross section (Figure 2E). At the
sub-trochanteric level, signiﬁcant diﬀerences in J values
were found in triple-jumpers, soccer and squash players, and
power-lifters compared to swimmers and non-athletes (Fig-
ure 2B). At the lesser trochanter level, signiﬁcant diﬀerences
in J values were found only when comparing triple-jumpers
to swimmers and non-athletes, and squash players to
swimmers (Figure 2D). At the 50% cross section of the
femur length, triple-jumpers and soccer and squash players
had greater J values compared to power-lifters and endurance
runners as well as compared to swimmers and non-athletes
FIGURE 2 (a) Residual values of CA at the sub-trochanteric level, mean and standard errors. Diﬀerences are signiﬁcant accord-
ing to the post hoc test (P< .05) in triple-jumpers compared to high-jumpers, power-lifters, endurance runners, swimmers and non-
athletes, and between squash players and swimmers and non-athletes. (b) Residual values of J at the sub-trochanteric level, mean
and standard errors. Diﬀerences are signiﬁcant according to the post hoc test (P< .05) in triple-jumpers, soccer and squash players,
and power-lifters compared to swimmers and non-athletes. (c) Residual values of CA at the level of lesser trochanter, mean and
standard errors. Diﬀerences are signiﬁcant according to the post hoc test (P< .05) in triple-jumpers compared to power-lifters,
endurance runners, swimmers, and non-athletes. In addition, signiﬁcant diﬀerences were found in squash players compared to
swimmers and non-athletes. (d) Residual values of J at the level of lesser trochanter, mean and standard errors. Diﬀerences are sig-
niﬁcant according to post hoc test (P< .05) in triple-jumpers compared to swimmers and non-athletes. In addition, a signiﬁcant dif-
ference was found in squash players compared to swimmers. (e) Residual values of CA at the 50% level of physiological shaft
length of the femur in swimmers, mean and standard errors. Diﬀerences are signiﬁcant according to the post hoc test (P< .05) in
triple-jumpers compared to power-lifters, endurance runners, swimmers, and non-athletes. In addition, signiﬁcant diﬀerences were
found in soccer players and squash players compared to swimmers and non-athletes. Finally, squash players were signiﬁcantly dif-
ferent from endurance runners. (f) Residual values of J at the 50% level of physiological shaft length of the femur, mean and stand-
ard errors. Diﬀerences are signiﬁcant according to the post hoc test (P< .05) in triple-jumpers compared to power-lifters,
endurance runners, swimmers, and non-athletes. In addition, signiﬁcant diﬀerences were found in soccer and squash players com-
pared to power-lifters, swimmers and non-athletes. Finally, high jumpers were signiﬁcantly diﬀerent from swimmers. (g) Shape
ratio at the 50% level of physiological length of the femur shaft, mean and standard errors. There were no signiﬁcant group diﬀeren-
ces in shape ratios in post hoc analysis. (h) Theta angle at sub-trochanteric level, mean and standard errors. The only statistically sig-
niﬁcant diﬀerence was found between high-jumpers and power-lifters. Note that standard error margins are overlapping
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(Figure 2F). High-jumpers had greater J values compared to
those of swimmers at the 50% cross section of the femur
length (Figure 2F).
Ratios of second moment of area and theta angles were
not signiﬁcantly diﬀerent between groups and exhibited no
particular trends, apart from the theta angle at the sub-
trochanteric level and ratios at the mid-shaft cross-sectional
level (Table 1, Figure 2G,H). According to post hoc
tests, the only signiﬁcant diﬀerence was between high-
jumpers and power-lifters in the sub-trochanteric theta angle
(Figure 2H).
4 | DISCUSSION
We set out to investigate whether diﬀerent loading histories
are reﬂected in those speciﬁc bone biomechanical properties
traditionally used to reconstruct physical activity. We also
examined whether biomechanical properties gained from
anatomically determined cross sections, when compared to
properties gained from cross sections of standardized length,
reﬂect loading history diﬀerently. We found that, in general,
triple-jumpers and soccer and squash players had more
robust proximal femoral shaft as indicated by CA and J val-
ues compared to those of swimmers and non-athletes, regard-
less of whether these properties were observed from
standardized cross-sectional slices or from anatomically
determined cross sections. It should be noted, however, that
as mid-shaft is estimated from femoral length, it will intro-
duce a small error source when comparing diﬀerent individu-
als (Mongle et al., 2015; Sladek et al., 2010). The estimation
produces generally low errors (Mongle et al., 2015; Sladek
et al., 2010), and as the present material is a single popula-
tion, the results should be fairly accurate.
Biomechanical behavior of bones scales allometrically
with body mass: bones become proportionately shorter and
proportionally distribute bone tissue further from the cross-
sectional centroid with increased mass (Brianza et al., 2007).
Thus, biomechanical properties are intrinsically aﬀected by
body size and dimensions (Parﬁtt, 2004; Petit et al., 2004;
Ruﬀ, 2000a; Schiessl et al., 1998; Schoenau et al., 2000;
Schoenau & Frost, 2002; Seeman et al., 1996). Before any
between-group comparisons can be made, it is necessary to
adjust for size eﬀects. Body size, or lean body mass, is usu-
ally considered the main contributor to variation in bone bio-
mechanical properties (Parﬁtt, 2004; Petit et al., 2004;
Seeman et al., 1996; Schiessl et al., 1998; Schoenau et al.,
2000; Schoenau & Frost, 2002). Biomechanical properties
have therefore been scaled against weight (Parﬁtt, 2004; Petit
et al., 2004; Ruﬀ et al., 1994; Seeman et al., 1996; Schiessl
et al., 1998; Schoenau et al., 2000; Schoenau & Frost, 2002),
sometimes height (Feik, Thomas, & Clement, 1996), or a
product of (reconstructed) body weight and muscle moment
arm length (Ruﬀ, 2000a,). Usually, the moment arm is repre-
sented by long bone length, although long bone length alone
does not provide an accurate enough scale for body size and
lever arm length (Ruﬀ, 2000a). Lower limb medio-lateral
diaphyseal cross sections, especially of the proximal femur,
are inﬂuenced by body breadth (Davies & Stock, 2014;
Shaw & Stock, 2011). We recognized that human size is
rather multidimensional, and we took this into account by
scaling for combined eﬀects of diﬀerent size parameters. Our
material permitted inclusion of indicators of muscle levers
and skeletal frame size (BIB, FHNL, FHSI), in addition to
weight and height, which is not always the case when work-
ing on archaeological or anatomical skeletal material. There-
fore, our results permitted controlling for size factors quite
eﬀectively.
We did not use any a priori grouping of the sports
according to perceived loading similarities; rather we com-
pared the biomechanical properties of the bones between
each sports group to identify similarities among the groups.
According to our results triple-jumpers possessed the highest
CA and J values and soccer and squash players the second
highest; endurance runners and power-lifters—and in some
locations high-jumpers—exhibited interim values; and
swimmers and non-athletes had the lowest values (Figure
2A–F). High CA values (Figure 2A,C,E) were to be expected
in triple-jump considering the extreme magnitude of reaction
force imposed axially on a single leg (Heinonen et al. 2001),
but similar bending and torsion strength in triple-jump com-
pared to soccer and squash was unexpected (Figure 2B,D).
The extreme impact loading in triple-jumping is axial in
direction, that is, its eﬀect on bone mass is not directional in
a transverse plane. Although there is more directionality (for-
ward motion) in a transverse plane in triple-jumping com-
pared with more varying loading patterns in soccer and
squash, apparently these sports do share commonality in that
TABLE 3 Results of principal components analysis
Principal component PC1
Variable CO Loadings
Body height 0.753 0.868
Femoral head-neck length 0.732 0.855
Femoral head height 0.639 0.799
Bi-iliac breadth 0.551 0.742
Body weight 0.264 0.514
Eigenvalue 2.938
Percentage of variance explained 58.76
Communalities (CO), trait loadings, eigenvalues, and explana-
tory variances are given for PC1.
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they involve powerful unilateral hip extension with great tor-
que and a lot of force repetitively aﬀecting a single leg at the
level of the proximal femur. Thus, loading in these sports
arises from repetitive muscle contraction and high ground
impacts—in the case of triple-jumping, extreme impacts—
but as they do not produce speciﬁc patterns in mediolateral
or anteroposterior directions, the result is overall strengthen-
ing of the proximal femur. When compared to regular,
mostly unidirectional loading from locomotion, activities
with directionally inconsistent loading will necessitate a
more robust shape adaptation. Thus, our results corroborate
the hypothesis that loading from atypical directions results in
a greater osteogenic response (Lanyon, 1987). Our results
also support the results of previous studies (Nikander et al.,
2005, 2009; Ruﬀ et al., 2006) where repetitiveness or high
number of loading cycles are needed for changes in bone
bending and torsion resistance.
Individuals engaged in endurance running and power-
lifting had less robust proximal femora compared to the above
described athlete groups characterized by repetitive, direction-
ally inconsistent loading, and, in the case of triple-jump,
extreme impact loading. Power-lifting is characterized by
slow, coordinated movements and it involves negligible
ground impacts compared to high-jumping and endurance run-
ning. Conversely, endurance-running involves less intense
muscle loading compared to power-lifting. While running and
squatting—motions involved in endurance running and power-
lifting—can be considered to represent loading to which the
skeleton (proximal femur) is arguably adapted, these occur at
higher magnitudes and rates than in non-athletes. High-jump-
ers provided a somewhat interesting group regarding the result-
ant bone biomechanical properties. High-jumpers were
associated with power-lifters and endurance runners in J and
CA values at the sub-trochanteric level and J values at lesser
trochanter levels, but with soccer and squash players at CA
and J values at the 50% femur shaft and CA values at the
lesser trochanter level (Figure 2A–F). High-jumping consists
of sprinting and bilateral hip extension coupled with high
impact loading, although the impacts are not as extreme as in
triple-jumping (Milan, 2010). Training and competition in
high-jumping consists of less repetitive sports-speciﬁc (ie, high
jumps) events compared to endurance running which has a
huge number of successive repeated loadings. Apparently,
high impacts contribute to higher CA at lesser trochanter and
mid-shaft levels reﬂecting the high impacts involved, but bilat-
eral jumping motion results in directionally consistent loading
at sub-trochanteric and lesser trochanter levels. Therefore,
although sports like high-jumping, endurance running and
power-lifting are quite diﬀerent as activities, they are common
in producing directionally consistent loading patterns.
The importance of impact loading on bone strength was
evident in the results; in our sample the highest ground reac-
tion forces were produced among triple-jumpers (Heinonen
et al., 2001) and these individuals possessed ultimately the
highest CA values (Figure 2A,C,E). This corroborates Turner
(1998), who suggested that high-impact loading results in
greater osteogenic response. High impacts—although not as
great in magnitude—are also produced in high-jumping and
playing soccer and squash, which was evident in the
high CA and J values also observed in these groups
(Figure 2A–F). While impact loading in triple-jumping and
high-jumping is applied axially, playing soccer and squash
result in impacts coming from odd directions but in a trans-
verse plane (Nikander et al., 2005, 2009; Nikander, Sievä-
nen, Uusi-Rasi, Heinonen, & Kannus, 2006; Nikander,
Sievänen, Heinonen, Karstila, & Kannus, 2008). Underlining
the importance of impact loading, the swimmers and non-
athletes of our sample—the individuals with least impact
loading in their activity—possessed the smallest values in
CA and J (Figure 2A–F). While swimming is also an endur-
ance sport with a great number of repetitive movements, it
lacks ground impact or weight-bearing in general (Nikander
et al., 2009). In fact, swimmers in this sample had the small-
est CA and J values, even compared to those of non-athletes,
although this diﬀerence was not statistically signiﬁcant (Fig-
ure 2A–F). It was shown in previous studies that biomechan-
ical loading in swimming and cycling results in an
insuﬃcient stimulus for inducing a geometrically signiﬁcant
bone adaptation at the proximal femur (Duncan et al., 2002;
Heinonen et al., 1993; Nikander et al., 2006). This was
reﬂected in the results of this study as well (Figure 2A–F).
While swimming does have a torsional eﬀect on the humerus
and produces a more circular bone element (Shaw & Stock,
2009b), with respect to the proximal femur our study results
show no circularity or shape diﬀerences between swimmers
and other groups. This may be due to the greater diﬀerences
in range of motion and utilization of muscles between arms
and legs during swimming.
In terms of geometric indicators of bone strength (ie,
cross sectional properties), we found that vigorous weight-
bearing loading is an important factor in buttressing bone
robustness through geometric adaptation. Thus, involvement
in sports per se is not necessarily evident as greater bone
strength compared to that of non-athletes, as shown by the
comparison of swimmers with the non-athlete group in this
study. Power-lifters possessed interim values even though
their sport-speciﬁc activities load their femurs against much-
greater weight than their body weight. Rather, it seems that
greater CA and J values are achieved when activity involves
high single limb torque, that is, multidirectional loading and/
or high to extreme ground impacts.
In our data, proximal femur shaft bone shape ratios are a
poor variable for reconstructions of physical activity.
Although CA and J values varied between the groups, no
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signiﬁcant diﬀerences in bone shape ratios were found
(Table 1, Figure 2G). Shape ratios could not distinguish
between sports loading the proximal femur with directional
consistency and those where the loading was directionally
inconsistent. Even when comparing power-lifters and endur-
ance runners—with higher magnitudes and loads generated
for locomotion and squatting than compared to those occur-
ring in everyday life—to soccer and squash players with
more varied loading directions, there were no diﬀerences in
shape. The eﬀects of Psoas major and Iliacus muscle pull on
the shape and especially orientation of the lesser tubercle
should have been most evident, directly at the lesser trochan-
ter and indirectly at the sub-trochanteric cross sections. The
more posteriorly oriented the tubercle, the greater the lever-
age for Psoas major and Iliacus muscles should be, resulting
in a greater antero-posterior diameter of the cross section.
However, this was not supported by our results. Apparently,
changes in one moment of the inertia axis results in a propor-
tional change in the perpendicular moment of the inertia
axis, regardless of size (results were similar when analyses
were repeated with size-scaled ratios, data not shown). This
proportional change was similar across all-sports categories
and when compared to those of non-athlete individuals. Sim-
ilarly, theta angle was a poor variable for activity reconstruc-
tion as it could not discriminate between the sport groups in
this study (Table 1). The lack of diﬀerence in the theta angle
could indicate that regimented sports training and activity is
not suﬃcient to signiﬁcantly and consistently vary the orien-
tation of the major axis. It is worth noting that the large
standard deviations in the observed angles indicate that this
parameter is not stable for single cross sections across sub-
jects and thus not a reliable parameter.
Our results conﬁrm previous studies (Holt, 2003; Macin-
tosh et al., 2014; Pomeroy, 2013; Ruﬀ, 2008; Ruﬀ et al.,
2015; Wescott & Cunningham, 2006) suggesting that activ-
ity can be reconstructed utilizing bending and torsional rigid-
ity (J) of the proximal femur. We could distinguish four
groups described by similar values of CA and J: extreme
loading (triple-jumpers), directionally inconsistent loading
(soccer and squash players), directionally consistent loading
(high-jumpers, endurance runners, and power-lifters) and a
non-loading group (swimmers and non-athletes). However,
only extreme loading and directionally inconsistent loading
were statistically signiﬁcantly diﬀerent from non-loading
groups. It has also been suggested that, as CA and muscle
cross-sectional area are correlated, CA could be used to
approximate muscle size and therefore, indirectly, activity
(Slizewski et al., 2013, 2014). In our sample CA and J
showed similar responses to loading, that is, speciﬁc groups
are described by similar CA and J values in their relation to
CA and J values of other groups. Therefore, CA can also be
considered to reﬂect activity, at least the impact loading com-
ponent involved in the activity (Table 1, Figure 2A–F). Bone
shape as element shape ratio (Ix/Iy) or orientation of theta
angle did not vary with activity in our sample. In terms of
physical activity reconstructions, these results mean that
activities consisting of directionally inconsistent loading and/
or high ground impacts are reﬂected in bone strength but not
bone shape.
When considering these results one should bear in mind
that modern-day sports have very distinctive patterns of
activity compared to those of past societies. In addition,
power-lifters begin their competitive training at a signiﬁ-
cantly later age compared to other sports. Swimmers
included signiﬁcantly more sport-speciﬁc training hours per
week compared to other sports. Finally, the age at menarche
relative to starting competitive training is not known. There
are potential eﬀects on responsiveness to bone loading
should the starting age relative to menarche vary between the
sports groups, and this may have inﬂuenced the results.
However, these results underline the relevance of direction-
ally inconsistent loading and high ground impacts for osteo-
genic responses. The eﬀect of muscle loading may increase
the potential to distinguish more varied loading patterns.
Similarly, more detailed anatomically oriented shape analysis
with regard to cortical bone distribution may provide addi-
tional parameters for separating loading patterns (Narra,
Nikander, Viik, Hyttinen, & Sievänen, 2013).
We found that cross-sectional properties taken from
standardized lengths were comparable to those from anatom-
ical cross sections. As there are problems in estimating stand-
ardized bone lengths, especially when bones are fragmented
(Mongle et al., 2015; Sladek et al., 2010), anatomical cross
sections would reduce this source of error. However, the esti-
mation error should also be studied for anatomically deter-
mined cross-sectional properties.
5 | CONCLUSIONS
Activity reconstructions are based on the notion that daily
repetitive loading modiﬁes bone cross-sectional shape and
bone strength along the femoral shaft, and that those patterns
are likely established in childhood (Ruﬀ et al., 2006). Diﬀer-
ent loading histories are found to aﬀect bone mass and its
distribution (eg, Narra et al., 2013; Nikander et al., 2005,
2009; Rantalainen, Nikander, Daly, Heinonen, & Sievänen,
2011; Rantalainen, Nikander, Heinonen, Suominen, & Sievä-
nen, 2010). According to our results, this loading history
aﬀects proximal femoral bone strength measures of CA and
J more than shape ratios or theta angles indicative of shape.
The results of this study based on female athletes and non-
athletes suggest that bone biomechanical properties at the
proximal femur diaphysis do reﬂect loading history, and
the eﬀects of loading are similar regardless of whether
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standardized length, as the 50% femur shaft, or anatomically
determined locations, as the lesser trochanter or sub-
trochanter locations, are used. These results make activity
reconstructions possible for incomplete skeletal data from
the proximal femur. However, due to great error variances,
only those activities involving directionally inconsistent
loading or extreme ground impacts can be separated reliably
based on bone properties (J, CA) from those activities that
consist of minimal ground impacts at the proximal femur dia-
physis. Element shape ratios or theta angles do not allow any
inferences to be made about activity history. It should be
noted that these results are pertinent to the proximal femur
diaphysis only. Analyses on other skeletal elements, such as
the tibia, may show diﬀerent responses to activity. Further-
more, while this limits the usefulness of bone properties for
analyzing undocumented skeletal remains, it does mean that
individuals engaged in multidirectional loading regimes can
be distinguished from those who had not engaged, or do not
engage, in such activities.
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Available online 28 July 2016Over 90% of hip fractures are caused by falls. Due to a fall-induced impact on the greater trochanter, the posterior
part of the thin superolateral cortex of the femoral neck is known to experience the highest stress, making it a
fracture-prone region. Cortical geometry of the proximal femur, in turn, reﬂects a mechanically appropriate
formwith respect to habitual exercise loading. In thisﬁnite element (FE)modeling study,we investigatedwheth-
er speciﬁc exercise loading history is associatedwith femoral neck structural strength and estimated fall-induced
stresses along the femoral neck. One hundred and eleven three-dimensional (3D) proximal femur FEmodels for a
sideways falling situation were constructed from magnetic resonance (MR) images of 91 female athletes (aged
24.7 ± 6.1 years, N8 years competitive career) and 20 non-competitive habitually active women (aged 23.7 ±
3.8 years) that served as a control group. The athletes were divided into ﬁve distinct groups based on the typical
loading pattern of their sports: high-impact (H-I: triple-jumpers and high-jumpers), odd-impact (O-I: soccer and
squash players), high-magnitude (H-M: power-lifters), repetitive-impact (R-I: endurance runners), and repeti-
tive non-impact (R-NI: swimmers). The von Mises stresses obtained from the FE models were used to estimate
mean fall-induced stresses in eight anatomical octants of the cortical bone cross-sections at the proximal, middle,
and distal sites along the femoral neck axis. Signiﬁcantly (p b 0.05) lower stresses compared to the control group
were observed: the H-I group— in the superoposterior (10%) and posterior (19%) octants at themiddle site, and
in the superoposterior (13%) and posterior (22%) octants at the distal site; the O-I group— in the superior (16%),
superoposterior (16%), and posterior (12%) octants at themiddle site, and in the superoposterior (14%) octant at
the distal site; the H-M group— in the superior (13%) and superoposterior (15%) octants at themiddle site, and a
trend (p = 0.07, 9%) in the superoposterior octant at the distal site; the R-I group — in the superior (14%),
superoposterior (23%) and posterior (22%) octants at the middle site, and in the superoposterior (19%) and pos-
terior (20%) octants at the distal site. The R-NI group did not differ signiﬁcantly from the control group. These re-
sults suggest that exercise loading history comprising various impacts in particular is associated with a stronger
femoral neck in a falling situation and may have potential to reduce hip fragility.
© 2016 Elsevier Inc. All rights reserved.Keywords:
Bone strength
Finite element modeling
Exercise
Falling
Osteoporosis
Hip fracture1. Introduction
Bone structure adapts to habitualmechanical loading [1,2]. Walking,
as the predominant form of human locomotion, causes higher compres-
sive stress at the inferior cortex and smaller tensile stress at the superiorcal Engineering and Industrial
unkatu 10, FI-33720, Tampere,
or Health Promotion Research,
anen@uta.ﬁ (H. Sievänen).cortex of the femoral neck. This asymmetric loading results in a thicker
inferior and thinner superior cortical bone [3,4]. With aging, cortical
thinning becomes evident; the thickness of the posterior part of the
superolateral cortex, called the superoposterior cortex, declines from a
mean1.6mmat the age of 25 to 0.3mmat the age of 85 years in females
[4,5]. Mayhew and colleagues [4] suggested that the thinning of the
superoposterior cortex contributes signiﬁcantly to hip fragility. Cortical
thinning increases the elastic instability of the cortical shell and can lead
to a fracture because of local bucklingunder compressive load [4].When
one falls sideways, the superolateral cortex experiences unusually high
compressive stress due to a high impact force imposed on the greater
trochanter [6,7]. The peak magnitude of such a fall-induced stress can
10 S. Abe et al. / Bone 92 (2016) 9–17be 4 times greater than the stress induced by normal gait [3]. According-
ly, it has been speculated that the fracture initiates from this thin cortical
layer of the superolateral region [4,7,8]. Several ﬁnite element (FE)
modeling and cadaveric experimental studies have consistently shown
that a sideways fall exposes the femoral neck to the greatest risk of a
fracture [7,9–13]. Indeed, over 90% of hip fractures are directly caused
by falls [14,15]. Therefore, if the superolateral cortical thickness could
be maintained or even increased with appropriate exercise training,
bone strength may be maintained and hip fracture risk reduced in old
age.
In our previous studies [16,17], we found that female athletes with a
history of high impact and/or impact exercises from unusual directions
have higher areal bone mineral density (aBMD), section modulus, and
thicker cortical bone of the femoral neck including the superolateral
cortex. However, the inﬂuence of this exercise-induced structural bene-
ﬁt on femoral neck strength in the sideways fall was not examined. Sev-
eral FE modeling studies have been conducted to obtain a better
understanding of the hip fracture mechanism [3,6,9,11–13,18–22]. To
the best of our knowledge, however, no FE modeling study has so far
been conducted to investigate the inﬂuence of speciﬁc exercise loading
history on the structural strength of the femoral neck in a falling situa-
tion. In particular, it is not knownwhether speciﬁc exercise loading his-
tory is associated with lower stresses during a fall.
The purpose of the present study is to investigate whether the fem-
oral necks adapted to distinct exercise loading patterns show different
stress proﬁles in a sideways fall. For this purpose, proximal femur FE
models were created from three-dimensional (3D) image data of 111
female participants with distinct exercise loading histories. These re-
sults are expected to provide further insight into the potential of speciﬁc
exercise types in strengthening the proximal femur and alleviating hip
fracture risk.Fig. 1. Division of the femoral neck volume into anatomical sites and octants for the
estimation of octant cortical stresses. (A) Posterior view of proximal femur. Dark grey-
colored geometry deﬁnes the femoral neck geometry of interest. The proximal cross-
sectional plane of the deﬁned neck geometry was located at the femoral head-neck
junction dividing the femoral head and the femoral neck. The distal plane was adjusted
so that the distal plane met following conditions: its superior side is close to
trochanteric fossa-greater trochanter junction, its anterior side is close to
intertrochanteric line, and its inferior side is close to the lesser trochanter. This distal
plane divides the trochanteric region and the femoral neck. (B) The division of the
deﬁned femoral neck regions into proximal, middle, and distal sites. The length of the
superior surface was kept same for all sites. (C) The equal 45° anatomical octant division
in the cross-section of the femoral neck. The femoral neck axis was used as the center of
octant division.2. Materials and methods
2.1. Participants
Magnetic resonance (MR) image data of proximal femurs from 91
adult female athletes (aged 24.7 ± 6.1 years) competing actively at na-
tional or international level and 20 habitually active, but non-competi-
tive female control participants (aged 23.7 ± 3.8 years) were obtained
from our previous study [17]. The study protocol was approved by the
Ethics Committee of the Pirkanmaa Hospital District, and written in-
formed consent was obtained from each participant before the study.
The athletes were recruited from national sports associations and
local athletic clubs, and the control participants were mostly students
from localmedical and nursing schools. The control participants did rec-
reational exercise 2–3 times a week, but had previously never taken
part in any competitive sports. The athletes comprised nine triple-jum-
pers, ten high-jumpers, nine soccer players, ten squash players, 17
power-lifters, 18 endurance runners, and 18 swimmers. According to
our previous exercise classiﬁcation scheme [16,23], the athletes were
divided into ﬁve different groups based on the typical loading patterns
of their sports: high-impact (H-I) (triple- and high-jumpers); odd-im-
pact (O-I) (soccer and squash players); high-magnitude (H-M)
(power-lifters); repetitive-impact (R-I) (endurance runners); and the
repetitive, non-impact group (R-NI) (swimmers).
Wearing only light indoor clothing without shoes, the body height
and weight of the participants were measured using standard methods.
Questionnaires were completed by all participants in order to obtain
their training history including weekly sport-speciﬁc training hours
and the number of training sessions during at least the ﬁve preceding
years. Other information such as medications, diseases, menstrual sta-
tus, use of hormonal contraceptives, calcium intake, alcohol, smoking,
coffee consumption, and previous injuries and fractures was also col-
lected [17].2.2. MR image scanning procedure
Thehip regions of all participantswere scanned using a 1.5-TMR im-
aging system (Avanto SyngoMRB15, Siemens, Erlangen, Germany). The
scanned region covered the proximal femur from the top of the femoral
head to the subtrochanteric level of the femoral diaphysis. Using two
half-Fourier acquisition single-shot turbo spin-echo localization series,
sagittal, axial, and coronal images of the hip region of the dominant
side were scanned. The reconstructed imaging plane was adjusted so
that the cross-sectional plane of the femoral neck was perpendicular
to the femoral neck axis. The MR imaging sequence used was a stan-
dardized axial T1-weighted gradient echo volumetric interpolated
breath-hold (VIBE)-examination with the following parameters: FOV
35 × 26 cm, TR 15.3 ms, TE 3.32 ms, slice thickness 1 mm without
gaps, echo train length = 1, ﬂip angle = 10°, matrix 384 × 288, the
in-plane resolution (pixel size) 0.9 mm × 0.9 mm [17].
2.3. FE model construction
TheMR images of all participants were ﬁrst manually segmented by
delineating the periosteal and endocortical boundaries of the cortical
bone using a touch panel (Wacom Tablet Cintiq 12WX, Wacom Tech-
nology Corp., Vancouver, WA, USA) with ITK-SNAP (www.itksnap.org)
image processing software [24]. The in vivo precision of periosteal and
endocortical delineations of the femoral neck cortex is about 1% [17,
25]. The segmented bone geometries were then converted into a vol-
ume mesh using the free mesh generation MATLAB (MathWorks, Inc.,
Natick, MA, USA) tool called iso2mesh [26]. The surface was then
smoothed in MeshLab (Visual Computing Lab – ISTI – CNR, http://
meshlab.sourceforge.net/) using a method described by Taubin [27].
This method was chosen for its known performance in minimizing the
shrinkage of the geometry during the smoothing process. The smoothed
proximal femur geometries were subsequently imported into
SolidWorks (SolidWorks Corp., Waltham, MA, USA) for the generation
11S. Abe et al. / Bone 92 (2016) 9–17of 3D solid bodies. The resulting proximal femur geometry comprised
individually segmented cortical bone and trabecular bone volumes,
the latter denoting the volume within the endocortical bone boundary.
Although trabecular bone is truly a porous structure, in the present
study it was modeled as a non-porous homogeneous material.
The individual 3D solid body geometries of the proximal femurwere
ﬁnally imported into ANSYS 16.1 (ANSYS Inc., Houston, PA, USA) for the
FE meshing and model analysis. The ANSYS Academic Research license
was obtained from CSC – IT Center for Science Ltd. (Espoo, Finland).
First, the femoral neck geometry was deﬁned (Fig. 1), and then similar
boundary conditions (BCs) from the previous studies [22,28] were
used in the present study. Force and restraining BCs were applied
through the femoral head and trochanter-protecting polymethyl meth-
acrylate (PMMA) caps, and aluminumdistal pot (Fig. 2). A 10-noded tet-
rahedralﬁnite elementwas used tomesh all materials. The element size
was set to 1mm for the entire proximal femur bone geometry, the caps,
and the boundary between the distal end of the bone and the distal pot.
The body of the distal pot, away from the boundary, was meshedwith a
4 mm element size. The maximum error in octant stress (described in
Section 2.4) was estimated based on the converged solution that was
obtained by extrapolating the results from the 3 mm, 2 mm, 1.5 mm,
1 mm, and 0.75 mm FE mesh models. The estimated errors were 6.7%,
4.2%, 3.4%, 2.4%, and 2.1% for the 3 mm, 2 mm, 1.5 mm, 1 mm,
0.75mmmeshes, respectively. Based on these ﬁndings, a 1mmmesh el-
ement size for themodels in this study was deemed satisfactory. On av-
erage, each bone model comprised approximately 1,600,000 elements
and 2,300,000 nodes. The cortical and trabecular bones of the proximal
femurweremodeled as homogeneous isotropic, linear elastic materials.
Young's moduli of 17 GPa [29–31], 1500 MPa [30,31], 70 GPa [22], and
2GPa [22]were set for the cortical, trabecular bone, the aluminumdistal
pot, and the protecting PMMA caps, respectively. Poisson's ratio was as-
sumed as 0.33 [29–31] for all materials.Fig. 2. Loading/falling angles (A & B) and boundary conditions of the FE model. The
femoral shaft was tilted at 10° with respect to the ground (A) and the femoral neck was
internally rotated by 15° (B). Force was applied to the whole upper face of the head-
protecting cap, at a described angle. A 200 mm long aluminum pot was placed at 15–
20 mm below the most projected part of the lesser trochanter of each proximal femur. A
hinge-type constraining boundary condition was applied to nodes of the distal face of
the aluminum pot. This allowed nodes at the hinge-axis to freely rotate in the quasi-
frontal plane, while all other degrees of freedom were constrained. Greater trochanter
cap's surface nodes were restrained in the direction of the force (C).To simulate sideways falling, the most commonly used force direc-
tion from previous experimental studies [10,32,33] was chosen. The
femoral shaft was tilted at 10° with respect to the ground and the fem-
oral neckwas internally rotated by 15° (Fig. 2) [10,32,33]. The individual
impact forcewas estimated using the equation proposed by Bouxsein et
al. [34]:
Fpeak ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ghcgKM
q
;
where g is the gravitational constant (9.81 m/s2), hcg is the height of
the center of gravity of the body assumed as 0.51 × height (m), K is
the stiffness constant (71 kN/m), andM is the effective mass calculated
by (7

20 × total body mass).
The force described above was then applied to the entire upper face
of the femoral head cap at a deﬁned angle while the trochanter cap was
restrained in the direction of the force (Fig. 2) [22]. The femoral head
and trochanter caps covered a depth of 5 mm of the femoral head and
the lateral side of the trochanter [6]. The distal pot was placed at 15–
20 mm below the most projected part of the lesser trochanter of each
proximal femur. The distance between the most proximal part of the
proximal femur to the distal part of the aluminum pot was in the
range of 280–306 mm and was similar to the previous study [35]. A
hinge-type restraining BCwas applied to the distal side of the aluminum
pot. This allowed nodes at the hinge-axis to freely rotate in the quasi-
frontal plane, while all other degrees of freedom were constrained [22,
28].
2.4. FE derived stress within the femoral neck cortical bone
From each FE model, the nodal cortical von Mises stresses were cal-
culated for the entire femoral neck region. These von Mises stresses
were imported into MATLAB for further post-FE analysis. The entire
femoral neck region was ﬁrst divided into three sub-volumes along
the femoral neck axis: proximal, middle, and distal volumes. For clarity,
these sub-volumes are henceforth referred to as proximal, middle, and
distal sites (Fig. 1). This division was performed so that the length of
the most superior surface was equal for each site. Next, these three
sites were divided into equal 45° octant regions each representing dif-
ferent anatomic directions of the respective cross-section of the femoral
neck. This octant division was performed similar to previous studies [4,
17,36,37] except that the femoral neck axis was used as a reference for
the center of the octant instead of the geometric centroid. In the present
study, the femoral neck axiswas deﬁned similar to a previous study [38]
so that it goes through the center of the femoral head and the geometric
center of the thinnest femoral neck cross-section. The center of the fem-
oral head was identiﬁed as the center of the sphere that best ﬁtted the
periosteal surface. The octants were anatomically deﬁned as inferior
(I), inferoanterior (IA), anterior (A), superoanterior (SA), superior (S),
superoposterior (SP), posterior (P), and inferoposterior region (IP)
(Fig. 1). For each individual proximal femur FEmodel, themean cortical
vonMises stresses in each octant (octant cortical stress) were calculated
for all three sites.
2.5. Statistical analysis
Statistical analyses were performed with SPSS 22.0 (IBM Corp.,
Armonk, NY, USA). Mean and SD were given as descriptive statistics.
Differences in octant cortical stresses in the three sites between each ex-
ercise group and the control group were estimated by multivariable
analysis of covariance (MANCOVA) using the individual impact force
as a covariate. Exercise groups were not compared to each other.
Sidak correction was used to control for multiple comparisons in the
post-hoc tests. Logarithmic transformations of the octant cortical stress-
es were performed prior to MANCOVA to control skewness of the data.
Percentage differences of the octant cortical stress between each
12 S. Abe et al. / Bone 92 (2016) 9–17exercise loading group and control group were calculated by taking
anti-log of the impact force-adjusted mean octant cortical stress. A p
value of b0.05 was considered statistically signiﬁcant.
3. Results
3.1. Descriptive data of participants
Table 1 shows the descriptive data of age, sport-speciﬁc training
hours/week, training sessions/week, duration of competitive career,
height, body weight (BW), and estimated impact force in each exercise
loading and control group. Further details of body composition and
muscular performance have been reported previously [17]. In addition
to a competitive career of N8 years, athletic participants clearly had
much longer training hours and more training sessions per week com-
pared with the non-competitive habitually active control participants.
3.2. Octant cortical stresses in general
Fig. 3 shows the unadjusted mean octant cortical stresses for proxi-
mal, middle, and distal femoral neck sites for each group. At the proxi-
mal site, higher stress levels were generally observed in the inferior
and inferoposterior regions, while at themiddle site higher stress levels
were generally evident in the superior, superoposterior, and posterior
regions. At the distal site, higher stresses were generally observed in
the posterior region and became prominent in the superoposterior re-
gion. Fig. 4 presents example subjects fromeach group of the study pop-
ulation to illustrate typical stress distributions in each group. Stresses
higher than 185 MPa were observed in the region spanning the
superoposterior and posterior part of the femoral neck. Notably, a
large contiguous area of N185MPa stresses can be seen in the stress dis-
tributions of the repetitive non-impact group (R-NI) and the control
proximal femora. Table 2 shows the impact force-adjusted mean per-
centage differences in octant cortical stresses for the proximal, middle,
and distal femoral neck sites between each exercise loading group and
the control group.
3.2.1. Proximal octant stress
The high-impact (H-I) group had signiﬁcantly lower octant stresses
(p b 0.05) than in the control group in the inferior (21%), inferoanterior
(29%), superoanterior (9%), superoposterior (12%), posterior (15%), and
inferoposterior (17%) octants. The odd-impact (O-I) group had signiﬁ-
cantly lower stresses in the superoposterior (14%) andposterior (12%) oc-
tants. The high-magnitude (H-M) group had signiﬁcantly lower stresses
in the superoposterior (16%) and posterior (12%) octants. The repeti-
tive-impact (R-I) group had signiﬁcantly lower stresses in the inferior
(14%), inferoanterior (19%), anterior (16%), superoanterior (13%), superi-
or (12%), superoposterior (21%), posterior (22%), and inferoposterior
(15%) octants.
3.2.2. Middle octant stress
The H-I group had signiﬁcantly lower octant stresses (p b 0.05) than
in the control group in the inferior (32%), inferoanterior (29%), anterior
(16%), superoposterior (10%), posterior (19%), and inferoposteriorTable 1
Group characteristics.
Group n Age (years) Sport-speciﬁc training
hours/week
Training sessions/week
H-I 19 22.3 (4.1) 11.5 (2.3) 6.7 (1.4)
O-I 19 25.3 (6.7) 9.3 (2.7) 5.7 (1.4)
H-M 17 27.5 (6.3) 9.1 (2.7) 5.8 (2.0)
R-I 18 28.9 (5.6) 10.9 (3.4) 8.7 (2.1)
R-NI 18 19.7 (2.4) 19.9 (4.5) 11.4 (2.0)
Control 20 23.7 (3.8) 2.8 (0.9) 2.8 (1.0)
Mean and (SD).(25%) octants. The O-I group had signiﬁcantly lower stresses in the infe-
rior (17%), inferoanterior (17%), anterior (14%), superoanterior (14%),
superior (16%), superoposterior (16%), and posterior (12%) octants.
The H-M group had signiﬁcantly lower stresses in the superior (13%)
and superoposterior (15%) octants. The R-I group had signiﬁcantly
lower stresses in the inferior (20%), inferoanterior (21%), anterior
(18%), superoanterior (13%), superior (14%), superoposterior (23%),
posterior (22%), and inferoposterior (17%) octants. Also, a trend for
lower stresses when compared to controls was observed in the H-I
group in the superoanterior (p= 0.07, 11%) octant.
3.2.3. Distal octant stress
TheH-I grouphad signiﬁcantly lower octant stresses (p b 0.05) than in
the control group in the inferior (24%), inferoanterior (18%),
superoposterior (13%), posterior (22%), and inferoposterior (22%)octants.
The O-I group had signiﬁcantly lower stresses in the inferior (16%),
inferoanterior (13%), and superoposterior (14%) octants. The R-I group
had signiﬁcant lower stresses in the inferior (17%), inferoanterior (17%),
anterior (18%), superoanterior (18%), superoposterior (19%), posterior
(20%), and inferoposterior (16%) octants. Also, trends for lower stresses
when compared to controls were observed in the H-I group in the anteri-
or (p=0.06, 15%) and superoanterior (p=0.06, 16%) octants. In the O-I
group, trends for lower stresses were observed in the superoanterior
(p= 0.08, 14%) and posterior (p= 0.07, 9%) octants. In the H-M group,
similar trendswere observed in the superoposterior (p=0.07, 9%) octant
and in the superior (p= 0.08, 17%) octant in the R-I group.
4. Discussion
In this large FE modeling study of female athletes, the association of
speciﬁc exercise loading history with femoral neck structural strength
in a sideways falling situation was elaborated. As expected from the
ﬁndings of previous studies [6,7], high stresseswere primarily distribut-
ed over the superolateral cortex region of the femoral neck: speciﬁcally,
in the superior, superoposterior, and posterior octants at the middle
site, and in the superoposterior and posterior octants at the distal
sites. Present results suggest that exercise loading history during ado-
lescences and early adulthood that involves either high impacts (H-I),
impacts from unusual directions (O-I), a large number of repetitive im-
pacts (R-I), or extreme muscle forces (H-M) is associated with signiﬁ-
cantly lower (10–23%) fall-induced stresses at these vulnerable
femoral neck regions (the ﬁve octants listed above) when compared
to the control group. Importantly, the highest octant stresses were ob-
served in the fracture-prone posterior part of the superolateral cortex
region (superoposterior octant in the distal site in Fig. 1 and Fig. 3),
which is in agreement with the ﬁndings of a study by Mayhew et al.
[4]. We found that the femoral neck in the H-I, the O-I, and the R-I
groups experienced signiﬁcantly lower (13–19%) stress in this octant
compared to the control group. Although a signiﬁcant difference was
not observed, the H-M group exhibited a trend for lower stress (p =
0.07, 9%) in the same octant. These results may translate into a reduced
risk of hip fractures caused by falling.
The present ﬁndings are largely explained by the speciﬁc structural
adaptation of the cortical bone to impact loading. Previously, NikanderCompeting career (years) Height (cm) Weight (kg) Impact force (N)
10.1 (3.4) 174 (6) 60.2 (5.4) 5102.1 (268.3)
9.6(4.8) 165 (8) 60.8 (8.3) 4991.0 (450.5)
8.0 (4.7) 158 (3) 63.3 (13.2) 4974.0 (531.9)
12.4 (6.7) 168 (5) 53.7 (3.4) 4737.8 (198.2)
9.1 (2.6) 173 (5) 65.1 (5.6) 5284.7 (251.1)
– 164 (5) 60.0 (7.4) 4943.5 (363.6)
Fig. 3.Group unadjustedmean (SD) octant cortical stress at the proximal,middle, and distal sites of the femoral neck (see Fig. 1). Each bar represents each group's unadjustedmean octant
stress with SD. According to the MANCOVA, * and § show the statistical signiﬁcance of 0.01 ≤ p b 0.05 and p b 0.01 respectively.
13S. Abe et al. / Bone 92 (2016) 9–17et al. [17] found that the femoral neck of athletes in the H-I group had a
thicker cortex in the inferior, anterior, and posterior quadrants, while
the O-I group had a consistently thicker cortex in the anterior, posterior,
and superior quadrants of the femoral neck. Notably, the lower stresses
in the inferior, inferoanterior, and inferoposterior octant regions in the
H-I group can be attributed to a very thick inferior cortex: approximate-
ly 60% thicker than in the habitually active control group [17].
A particularly interesting ﬁnding in the present study was that the
femoral neck in the R-I (endurance runners) group also showed signiﬁ-
cant and similar low stresses to those observed in the H-I group.Previously, Nikander et al. [17] reported that the cortical bone of the fem-
oral neck in the R-I group was not thicker than in the control group. This
indicates that the lower stresses in the R-Imay be attributed to other geo-
metrical factors, that is, themore circular shape of the femoral neck cross-
section shown by Narra et al. [39]. Basically, a more circular bone is me-
chanically more robust in all directions than an oval shaped bone.
Sievänen et al. [40] observed that physicallymore activemedieval people
had amore circular femoral neck cross-section in contrast to present-day
peoplewho have amore oval-shaped cross-section. It was estimated that
the oval-shaped femoral neck of present-day peoplemay experience 1.3–
Fig. 4. Examples of typical von Mises stress distribution from each group. A, B, C, D, E, and F show an example stress distribution from the H-I, O-I, H-M, R-I, R-NI, and control groups,
respectively.
14 S. Abe et al. / Bone 92 (2016) 9–171.5 times higher fall-induced stress in a sideways fall than the circular
femoral neck of the medieval people [40]. This estimation is consistent
with the results of the present study that show almost 20% lower stress
in the R-I group than in the control group. Running (or walking) is a nat-
ural form of locomotion and a common type of exercise. In particular, the
human skeleton is particularlyﬁtted for endurance running [41], but as al-
luring as the present ﬁnding is from the evolutionary point of view, the
beneﬁcial results in the endurance running group remain at best specula-
tive and warrant further elaboration.
The R-NI group showed no apparent reduction in stress at any fem-
oral neck octant. This agrees with the ﬁndings by Nikander et al. [17]
that showed no exercise-related beneﬁt to the cortical geometry
among swimmers. The typical movements in swimming require a lot
of repetitive muscle contractions and can be intensive, but they are
also smooth and without impacts. The H-M group, in turn, showed
less reduced octant stresses compared to the control group than the
H-I, O-I, and R-I groups did in spite of extreme muscle forces involved
in power-lifting (e.g., a squat). Again, this is likely attributable to the in-
herent nature of movement. During H-M exercises, the movement is
slow by nature, and therefore its rate of loading is low.
Moderate tohigh ground reaction forces and ahigh rate of force devel-
opment due to the ground impact are common factors in exercise loading
that seem to be beneﬁcial for femoral neck strength. Peak vertical ground
reaction forces are 12–20 times BW [42,43] for H-I exercise, 2.5–3.5 times
BW [44–46] for O-I exercise, 2–3 times BW [47] for H-M exercise (squat),
and 2–2.5 times BW [48,49] for R-I exercise while the estimated impact
loading rates (BW s−1) are about 400–480 BW s−1 [42], 20–
180 BW s−1 [44,45], 5–6 BW s−1 [47], and 60–150 BW s−1 [48–50], re-
spectively. In swimming, peak reaction force and loading rate at the
push-off phase of turning are estimated to be b1.5 times BW [51,52]
and b10 BW s−1 [51], respectively. Such a combination of reaction force
and loading rate in the R-NI exercise seems to be insufﬁcient to improvefemoral neck strength. While ground reaction force in the H-M exercise
may be similar in magnitude to those in the O-I and R-I exercises,
the rate of force development is signiﬁcantly lower. In light of the
results for the H-M group, this indicates that in spite of the moderate-
to-high ground reaction force, the stimulus for beneﬁcial geometric
adaptation seems to be diminished by the lower rate of loading. Differing
frompower-lifting (squat, bench press, and deadlift), weightliftingmove-
ments such as the snatch, clean, and jerk are explosive and involve more
impact: peak vertical ground reaction forces are 2.5–4 times BW and esti-
mated impact loading rates vary from about 10–50 BW s−1 [53–56]. This
warrants further investigation of femoral neck strength among
weightlifters.
Themean starting ages of the competitive careers of the athletic par-
ticipants were the following: H-I = 12.2 years; O-I = 15.7 years; H-M
19.5 years; R-I = 16.5 years; R-NI = 10.6 yrs. Accordingly, the H-M
group started their sport-speciﬁc career the latest of any groups and
their careers were also the shortest (mean 8 years) at the time of the
study. The H-I group started their career at the age of 12.2 years,
which is 7 years earlier than that of the H-M group. Indeed, the starting
age of 19.5 years of the H-M group is almost close to skeletal maturity
[57]. It is well established that starting the exercise training in early ad-
olescence is themost beneﬁcial for bone strength comparedwith a later
start of training [58]. Lorentzon et al. [59] reported that higher aBMD,
cortical bone size, and trabecular density were observed among those
who started their training career before the age of 13 than those who
started their training later. Further, the duration of the training in ado-
lescence is associated with improved bone traits as well [59,60]. This
being the case, the odds of ﬁnding a clear exercise-related reduction in
fall-induced stress in theH-Mgroupmayhave been attenuated.Howev-
er, it is worth noting that starting intensive power-lifting exercises
(squat, bench press, and deadlift) at an early age is not recommended,
which may explain the later starting age in the H-M group. On the
Table 2
Impact force-adjusted mean percentage differences (95% CI) in octant cortical stresses for proximal, middle, and distal sites between each exercise group and control group.
Proximal Middle Distal Proximal Middle Distal
Inferior (I) Superior (S)
H-I −20.6
(−28.6 to−11.8)
−32.2
(−39.1 to−24.6)
−23.6
(−31.5 to−15.0)
H-I −8.2
(−14.5 to−1.2)
−5.8
(−12.9 to 1.8)
−6.2
(−18.6 to 7.8)
O-I −3.4
(−11.5 to 5.7)
−16.6
(−24.2 to−8.3)
−15.7
(−23.4 to−7.3)
O-I −8.8
(−16.0 to−1.1)
−15.5
(−23.5 to−6.7)
−9.6
(−22.1 to 4.6)
H-M 9.4
(0.2 to 19.5)
−1.1
(−10.6 to 9.4)
−1.1
(−12.1 to 11.1)
H-M −5.8
(−13.2 to 2.2)
−12.5
(−20.1 to−4.0)
−6.9
(−20.2 to 8.7)
R-I −13.5
(−20.8 to−5.5)
−20.0
(−27.1 to−12.4)
−17.0
(−25.3 to−7.8)
R-I −12.3
(−19.5 to−4.6)
−13.9
(−20.8 to−6.5)
−17.0
(−28.4 to−3.7)
R-NI −0.2
(−10.3 to 10.8)
−3.2
(−13.6 to 8.7)
−4.3
(−14.9 to 7.7)
R-NI 0.5
(−8.0 to 9.5)
0.5
(−7.5 to 9.1)
2.6
(−12.2 to 19.8)
InferoAnterior (IA) SuperoPosterior (SP)
H-I −28.6
(−36.1 to−19.9)
−29.4
(−35.1 to−23.0)
−18.0
(−24.2 to−11.1)
H-I −11.9
(−17.9 to−5.3)
−9.8
(−15.5 to−3.6)
−12.9
(−18.6 to−6.9)
O-I −9.2
(−18.1 to 0.5)
−17.2
(−24.1 to−9.8)
−12.9
(−20.3 to−4.7)
O-I −13.5
(−19.6 to−7.1)
−16.1
(−22.6 to−8.8)
−13.5
(−20.0 to−6.4)
H-M −0.9
(−11.5 to 10.8)
−8.8
(−17.3 to 0.6)
−2.7
(−12.1 to 7.9)
H-M −15.7
(−22.2 to−8.6)
−14.5
(−21.5 to−6.9)
−9.4
(−16.3 to−2.1)
R-I −18.5
(−29.3 to−6.4)
−20.6
(−28.1 to−12.1)
−16.8
(−23.9 to−9.0)
R-I −20.7
(−25.5 to−15.5)
−22.6
(−27.9 to−16.7)
−19.3
(−24.6 to−13.8)
R-NI −7.5
(−20.7 to 7.8)
−4.3
(−14.2 to 6.8)
−0.9
(−10.4 to 9.8)
R-NI −6.2
(−14.1 to 2.2)
−0.5
(−7.7 to 7.3)
−0.5
(−7.5 to 7.3)
Anterior (A) Posterior (P)
H-I −6.0
(−13.9 to 2.8)
−16.2
(−23.5 to−8.4)
−14.7
(−24.2 to−4.0)
H-I −14.7
(−20.9 to−8.1)
−19.3
(−25.0 to−13.2)
−21.5
(−26.8 to−15.6)
O-I −8.6
(−16.5 to 0.1)
−14.3
(−21.9 to−5.7)
−12.5
(−22.2 to−1.5)
O-I −11.5
(−17.0 to−5.4)
−11.7
(−17.8 to−5.3)
−9.0
(−15.3 to−2.0)
H-M −2.9
(−12.2 to 7.2)
−7.3
(−16.4 to 2.7)
−3.2
(−14.6 to 9.9)
H-M −11.7
(−17.4 to−5.5)
−7.5
(−14.0 to−0.3)
−4.7
(−12.0 to 3.2)
R-I −15.5
(−23.5 to−6.6)
−18.0
(−26.3 to−8.7)
−18.2
(−27.0 to−8.1)
R-I −21.8
(−26.8 to−16.6)
−21.5
(−27.1 to−15.5)
−20.0
(−25.9 to−13.5)
R-NI 1.2
(−9.4 to 12.9)
1.6
(−9.8 to 14.3)
−0.9
(−14.2 to 14.2)
R-NI −8.0
(−15.2 to 0.1)
1.4
(−7.5 to 11.0)
3.3
(−-5.6 to 12.8)
SuperoAnterior (SA) InferoPosterior (IP)
H-I −9.0
(−15.0 to−2.8)
−11.3
(−19.2 to−2.6)
−15.7
(−25.6 to−4.5)
H-I −16.6
(−24.0 to−8.6)
−25.4
(−32.6 to−17.3)
−22.2
(−29.9 to−13.4)
O-I −6.2
(−13.6 to 1.5)
−13.5
(−21.6 to−4.7)
−14.1
(−23.7 to−3.0)
O-I −6.0
(−12.1 to 0.6)
−8.6
(−15.7 to−1.1)
−0.2
(−10.4 to 10.9)
H-M −1.8
(−8.8 to 5.9)
−6.9
(−15.2 to 2.1)
−2.1
(−14.6 to 12.2)
H-M 1.2
(−5.8 to 8.6)
5.4
(−3.3 to 14.8)
6.7
(−4.7 to 19.5)
R-I −13.3
(−20.0 to−6.0)
−12.7
(−20.2 to−4.7)
−17.6
(−27.5 to−6.5)
R-I −15.3
(−21.5 to−8.6)
−17.0
(−24.0 to−9.5)
−15.9
(−24.7 to−5.8)
R-NI −0.5
(−7.9 to 7.7)
0.9
(−9.0 to 11.7)
4.2
(−11.7 to 22.9)
R-NI −5.8
(−13.7 to 2.7)
0.7
(−9.5 to 12.3)
9.4
(−3.9 to 24.5)
Statistically signiﬁcant p values (p b 0.05) based on MANCOVA are shown in bold.
15S. Abe et al. / Bone 92 (2016) 9–17other hand, it is likely that the H-M group was involved in various, less
speciﬁc exercise training during adolescence.
Observed reductions in the octant stress (10–30%) along the femoral
neck in the sideways falling situation, attributable to exercise-induced
structural adaptations, may be clinically important. It is noteworthy
that the control group was comprised of young healthy women who
did recreational exercises 2–3 times a week. Thus, our control partici-
pants were physically active, but not athletes. This being the case, it is
possible that actual exercise-induced beneﬁt in the femoral neck
strength in sideways falling could be even higher when compared
with the average, less physically active population.
As to the clinical relevance of the present results, caution is needed.
Since the datawere obtained fromyoung female athletes, the results can-
not be extrapolated to the general population. Despite the clear beneﬁts,
H-I exercise does not provide a panacea against hip fragility and fractures.
Extreme impact forces (12–20 times BW) [42,43] in the H-I exercises are
obviously too risky not only for older people but also for sedentary people
regardless of age. Since the O-I and R-I exercises produce moderate im-
pacts, the risk of musculoskeletal injuries remains lower. Thus, exercise
involving impacts from unusual directions and a large number of repeat-
ed impacts may offer a more feasible and equally effective option to in-
crease femoral neck strength. For the young, physically active, and/or ﬁtpeople, not only O-I and R-I exercises but also appropriate H-I exercises
are feasible in order to maintain and/or increase femoral neck strength.
It is worthmentioning that alongwith O-I and R-I exercises (e.g. jogging),
H-M exercises (squat, deadlift, etc.) may also be beneﬁcial for the overall
health of the proximal femur for people with a sedentary background or
the elderly. This is, of course, contingent on the people having no
preexisting musculoskeletal maladies, having sufﬁcient mobility, and
weights being chosen according to their physical conditioning.
Another important question is whether the exercise-induced skeletal
beneﬁts from early adulthood can be sustained into old age. It is known
that the exercise-induced bone thickening during growth occurs through
newbone formation on the periosteal bone surface, while the age-related
bone loss takes place at the endocortical bone surface [2]. Should the fem-
oral neck cortical bone be thicker during young adulthood, itmay bemore
resistant against fractures in old age. It is noteworthy that retired ice
hockey and soccer players N 60 years old have lower fracture risk com-
pared to matched controls despite some loss in exercise-induced high
aBMD due to retirement from sports [61]. This ﬁnding indicates that the
exercise-induced structural beneﬁts to the femoral neck during young
adulthood may be sustained into old age and highlights the importance
of exercise in adolescence and young adulthood in termsof preventing fu-
ture hip fractures. Further, the effect of exercise on bone may vary
16 S. Abe et al. / Bone 92 (2016) 9–17depending on the period of life. During adolescence, exercise can increase
bone strength, and continued exercise may help maintain exercise-
induced bone strength in adulthood. Moreover, exercise may attenuate
a decrease in bone strength due to age-related bone loss [60].
Themajor strength of the present study is the large total sample size
of 111 individual FE models that represent a variety of distinct exercise
loading histories. This makes the present study one of the largest prox-
imal femur FE modeling studies. Further, the large total sample size
made it possible to divide the athletes into smaller subgroups, which
enabled us to investigate the association of the distinct exercise loading
patternwith femoral neck strength in a sideways falling situation. How-
ever, the marginal differences in the H-M group, despite group-differ-
ences of a similar magnitude, indicate limited statistical power in
some subgroup analyses.
In addition to somewhat limited statistical power, there are other
limitations as well. The main limitation was the use of the MR images
for the construction of the proximal femur geometrywhichwas not val-
idated against actualmechanical testing.While QCTwould have provid-
ed high-resolution image data on femoral neck geometry and bone
apparent density, MR imaging has been found to be adequately valid
for the assessment of cortical geometry [25,62]. The pixel size in the pre-
vious QCT-based proximal femur studies [13,19,20] has been around
0.5 mm in contrast to the 0.9 mm pixel size in the present study. Obvi-
ously, a higher in-plane resolution would have provided a more accu-
rate segmentation of the cortical bone. Therefore, to comply with valid
QCT-based proximal femur FE modeling studies, we adopted similar
BCs and loading conditions [22,28]. In the present study, however, tra-
becular bone was modeled as a non-porous homogeneous structure in
contrast to its actual non-uniform structure [63], which could cause
b10% error in themaximum stress reported in the literature [19]. How-
ever, according to Koivumäki et al., inclusion of the trabecular bone in
the sideways falling FEmodelsmay not play a crucial role, and the prox-
imal femoral strength can be evaluated with reasonable accuracy using
a cortical bone FE model only [64]. Further, Holzer et al. [65] reported
that the complete removal of the trabecular bone led to a relatively
small reduction in bone strength while the cortical bone is primarily re-
sponsible for load bearing and transmitting forces. Indeed, the present
study mainly focused on evaluating the inﬂuence of cortical geometry
on the stress distribution in the simulated sideways fall while modeling
the trabecular bone as non-porous homogeneousmaterial in every indi-
vidual model. While the use of QCT-based FE models would have also
allowed the estimation of inhomogeneous elastic properties using the
voxel-based Hounsﬁeld unit data (density) [11–13,18–22], the assump-
tion of homogeneousmaterial properties is acceptable. Taddei et al. [19]
compared the homogeneous proximal femur bone model with the in-
homogeneous model and found only a marginal improvement in accu-
racy of prediction; R2 between FE predicted stress and experimental
stresswas 0.91 for the inhomogeneousmodel and 0.89 for the homoge-
neous model. Finally, exposing fertile young adult women to ionizing
radiation from QCT for non-diagnostic purposes would have been ethi-
cally unacceptable.
5. Conclusion
The present FE study is the ﬁrst study that employed a large number
of individual 3D proximal femur FE models obtained from young adult
female athletes representing distinct exercise loading patterns. The re-
sults showed that the athletes with a history of impact exercises from
endurance running induced repetitive impacts, soccer and squash in-
duced odd direction impact, to extreme vertical jumping sports showed
clinically relevant lower stresses at the fracture prone regions of the
femoral neck in a sideways falling simulation. In addition to impacts,
highmagnitude strength trainingmay also be beneﬁcial formaintaining
the robustness of the femoral neck. This requires further study, howev-
er. The results of this study also give new insights into the prevention of
hip fragility with targeted exercises.Funding
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